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ABSTRACT	  Microvoid-­‐Based	  Toughening	  of	  Epoxy	  Resins	  Through	  the	  Reactive	  Encapsulation	  of	  Solvent	  Donald	  G.	  Campbell	  	  	  	  	  An	  experimental	  investigation	  to	  improve	  fracture	  toughness	  of	  thermosets	  by	  introducing	  nano-­‐cavitation,	  as	  suggested	  by	  molecular	  dynamics	  simulations	  of	  Mukherji	  and	  Abrams	  [1]	  is	  presented	  here.	  We	  introduce	  nano-­‐cavities	  in	  an	  amine	  cured	  epoxy	  network	  by	  employing	  the	  method	  of	  reactive	  encapsulation	  of	  a	  non-­‐reactive	  solvent,	  tetrahydrofuran.	  The	  solvent	  was	  then	  extracted	  in	  a	  slow	  post-­‐cure	  process,	  leaving	  homogeneously	  distributed	  collapsed	  voids.	  We	  find	  that	  the	  fracture	  toughness	  can	  be	  improved	  about	  200%	  for	  a	  10%	  solvent	  inclusion	  and	  about	  500%	  for	  a	  15%	  solvent	  inclusion.	  Differential	  scanning	  calorimetry	  and	  dynamic	  mechanical	  analysis	  showed	  that	  the	  glass	  transition	  temperature	  for	  the	  network	  without	  solvent	  is	  equivalent	  to	  that	  of	  the	  solvent	  extracted	  network.	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1.	  INTRODUCTION	  	   Epoxy	  resins	  were	  first	  commercialized	  in	  1947	  and	  are	  one	  of	  the	  most	  studied	  type	  of	  thermoset.	  Epoxies	  are	  widely	  used	  in	  industry	  for	  many	  different	  applications.	  Epoxies	  are	  used	  for	  protective	  coatings	  and	  for	  structural	  applications.	  	  These	  applications	  include	  but	  are	  not	  limited	  to	  the	  production	  of	  laminates,	  composites,	  adhesives,	  potting	  and	  encapsulating	  materials[2].	  	  They	  are	  also	  used	  in	  tooling,	  molding,	  casting,	  and	  bonding	  manufacturing	  processes.	  Epoxies	  are	  used	  as	  adhesives,	  as	  part	  of	  composites,	  and	  as	  matrix	  materials	  in	  the	  aviation	  and	  marine	  industries.	  Such	  a	  wide	  range	  of	  applications	  is	  obtained	  by	  the	  appropriate	  selection	  of	  the	  resin-­‐hardener	  pair	  and	  by	  employing	  the	  optimal	  curing	  conditions[3].	  The	  epoxide	  functional	  group	  has	  the	  capability	  to	  react	  with	  a	  variety	  of	  substrates,	  which	  gives	  the	  epoxy	  resins	  versatility.	  Treatment	  with	  curing	  agents	  gives	  insoluble	  and	  intractable	  thermoset	  polymers.	  D	  	  The	  chemical	  structure	  of	  the	  curing	  agents	  and	  curing	  conditions	  contribute	  to	  the	  versatility	  of	  the	  properties	  of	  cured	  epoxy	  resins	  .	  The	  resins	  have	  excellent	  chemical	  and	  heat	  resistance,	  high	  adhesive	  strength,	  low	  shrinkage,	  good	  impact	  resistance,	  hardness,	  and	  high	  electrical	  insulation.	  Epoxy	  systems	  have	  one	  major	  drawback.	  They	  are	  brittle	  and	  notch	  sensitive.	  Because	  of	  their	  brittle	  nature,	  these	  systems	  show	  poor	  fracture	  toughness.	  	  The	  fracture	  toughness	  of	  these	  systems	  is	  typically	  below	  1.0	  MPa-­‐m1/2	  which	  greatly	  limits	  the	  use	  of	  the	  materials	  in	  fields	  demanding	  high	  fracture	  strengths[4].	  Along	  with	  poor	  fracture	  toughness,	  these	  materials	  also	  exhibit	  poor	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  resistance	  to	  crack	  propagation	  and	  low	  impact	  strength[5].	  Considerable	  work	  has	  been	  done	  in	  the	  last	  few	  decades	  to	  improve	  the	  toughness	  of	  epoxy	  networks.	  The	  brittleness	  associated	  with	  epoxy	  networks	  is	  largely	  attributed	  to	  their	  highly	  cross-­‐linked	  structures[6].	  These	  structures	  absorb	  insignificant	  amounts	  of	  energy	  during	  the	  process[7].	  Epoxy	  resins	  have	  fracture	  energies	  around	  GIC~100	  to	  200	  J/m2,	  which	  are	  several	  orders	  of	  magnitude	  lower	  than	  thermoplastics	  and	  other	  high-­‐performance	  materials[8].	  Much	  of	  the	  work	  done	  in	  this	  area	  has	  been	  primarily	  concerned	  with	  improving	  the	  poor	  fracture	  properties	  of	  epoxy	  systems,	  by	  either	  reducing	  the	  cross-­‐link	  density	  of	  the	  epoxy	  network,	  or	  by	  modifying	  the	  network	  with	  secondary	  components.	  Through	  the	  use	  of	  molecular	  dynamics	  (MD)	  simulation,	  Mukherji	  and	  Abrams	  were	  able	  to	  show	  how	  microvoids	  form	  without	  bond	  breaking	  and	  constitute	  the	  microscopic	  origins	  of	  strain	  hardening[1].	  Two	  geometrically	  distinct	  HCP	  models	  were	  investigated	  in	  a	  series	  of	  simulations.	  One	  case	  had	  inter-­‐monomer	  bonding	  of	  an	  arbitrary	  arrangement	  (unconstrained	  system)	  and	  the	  second	  case	  a	  tetrahedral	  bonding	  (constrained	  system)	  is	  used[1].	  In	  the	  unconstrained	  case,	  a	  strain	  hardening	  was	  observed	  due	  to	  the	  creation	  and	  growth	  of	  microvoid	  formation.	  Microvoid	  formation	  was	  due	  to	  the	  random	  orientation	  of	  bonds.	  Strain	  hardening	  makes	  the	  unconstrained	  network	  more	  ductile.	  The	  constrained	  case	  bond	  angles	  prevent	  microvoid	  formation	  and	  strain	  hardening[1].	  Strain	  hardening	  is	  a	  well-­‐known	  occurrence	  in	  thermoplastic	  materials,	  where	  by	  the	  work	  done	  in	  tensile	  deformation	  is	  in	  part	  dissipated	  and	  partially	  stored	  in	  conformational	  changes	  of	  the	  chains	  and	  by	  the	  creation	  of	  internal	  surface	  area.	  
	  	   3	  This	  is	  referred	  to	  as	  crazing.	  Strain	  hardening	  of	  the	  HCP	  model	  can	  also	  be	  attributed	  to	  the	  formation	  of	  microvoids	  that	  are	  uniformly	  distributed	  throughout	  the	  network.	  During	  the	  creation	  of	  these	  voids,	  no	  bonds	  are	  being	  broken	  in	  the	  initial	  stages.	  This	  work	  shows	  that	  microvoids	  are	  a	  possible	  way	  to	  toughen	  highly	  crosslinked	  polymer	  systems.	  In	  this	  work,	  laboratory	  experiments	  were	  employed	  to	  investigate	  the	  ability	  to	  improve	  fracture	  toughness	  of	  thermosets	  by	  introducing	  nano-­‐cavities	  in	  an	  amine	  cured	  epoxy	  network	  by	  the	  use	  of	  the	  reactive	  encapsulation	  of	  solvent	  technique[9].	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2.	  BACKGROUND	  
2.1	  EPOXY	  RESINS	  Epoxies	  are	  a	  type	  of	  thermosetting	  polymer.	  Thermosetting	  polymers	  are	  one	  class	  of	  polymers.	  The	  first	  class	  of	  polymers	  is	  a	  thermoplastic.	  Thermoplastics	  behave	  fluid	  like	  above	  certain	  temperatures.	  The	  second	  class	  of	  polymers	  is	  thermosetting	  polymers.	  Thermosetting	  polymers	  are	  formed	  by	  chemically	  cross-­‐linking	  units	  covalently	  into	  an	  infinite	  three-­‐dimensional	  network.	  A	  thermosetting	  polymer	  does	  not	  become	  viscous	  like	  a	  fluid	  by	  heating	  and	  will	  eventually	  degrade	  at	  high	  temperatures[10].	  In	  addition	  to	  epoxy	  resins,	  phenolic	  and	  urea–formaldehyde	  resins,	  and	  unsaturated	  polyesters	  are	  other	  examples	  of	  thermosetting	  polymers.	  Thermosetting	  polymers	  may	  be	  formed	  in	  two	  ways.	  The	  first	  method	  is	  my	  inducing	  covalently	  bonded	  crosslinks	  between	  previously	  formed	  linear	  or	  branched	  molecules	  like	  the	  process	  or	  vulcanizing	  natural	  rubber.	  The	  second	  way	  a	  thermosetting	  polymer	  forms	  is	  through	  polymerization	  by	  both	  the	  step	  or	  chain	  mechanisms	  of	  monomers	  where	  at	  least	  one	  of	  them	  has	  a	  functionality	  greater	  than	  two.	  One	  unique	  characteristic	  of	  a	  thermosetting	  polymer	  is	  that	  one	  giant	  macromolecule	  formed	  of	  covalently	  bonded	  repeating	  units	  during	  polymerization.	  The	  giant	  molecule	  that	  develops	  from	  a	  collection	  of	  molecules	  to	  an	  infinite	  size	  is	  called	  a	  gel.	  This	  gel	  will	  not	  flow	  unless	  the	  covalent	  bonds	  are	  destroyed	  by	  the	  use	  of	  temperature	  or	  a	  reactive	  solvent.	  The	  thermosetting	  nature	  of	  the	  polymer	  is	  because	  of	  the	  presence	  of	  a	  network	  formed	  by	  covalent	  bonds.	  Solvents	  will	  interact	  with	  the	  polymer	  to	  cause	  swelling,	  but	  will	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  not	  dissolve	  the	  system.	  While	  thermosetting	  polymers	  are	  a	  type	  of	  network	  polymer,	  it	  is	  important	  to	  know	  that	  every	  network	  polymer	  is	  not	  a	  thermosetting	  polymer.	  Inducing	  physical	  cross-­‐linking	  between	  several	  independent	  chains	  may	  create	  network	  polymers.	  When	  this	  is	  done	  heating	  the	  sample	  could	  cause	  the	  material	  to	  change	  from	  a	  gel	  to	  a	  fluid	  state	  (a	  sol)	  and	  cooling	  can	  regenerate	  the	  gel[10].	  	  
2.1.1	  RESIN	  (MONOMER)	  SYNTHESIS	  The	  epoxy	  functional	  group	  is	  comprised	  of	  an	  oxygen	  atom	  joined	  by	  single	  bonds	  to	  two	  adjacent	  carbon	  atoms.	  This	  forms	  the	  three-­‐member	  epoxy	  ring.	  Epoxides	  are	  also	  known	  as	  oxiranes	  and	  the	  strain	  of	  the	  three-­‐member	  ring	  gives	  these	  functional	  groups	  an	  inimitable	  chemical	  reactivity[11].	  The	  epoxy	  is	  also	  characterized	  by	  its	  ability	  to	  react	  with	  both	  nucleophilic	  and	  electrophilic	  species.	  Because	  of	  this	  it	  can	  react	  with	  a	  vast	  amount	  of	  reagents.	  Epoxy	  monomers	  can	  polymerize	  through	  both	  step-­‐growth	  and	  chain	  growth	  processes.	  Both	  Lewis	  bases	  and	  acids	  can	  initiate	  an	  ionic	  polymerization.	  Polyaddition	  polymerization	  is	  mainly	  represented	  by	  epoxy-­‐amine	  reactions[10].	  A	  major	  type	  of	  epoxy	  monomer	  used	  in	  many	  applications	  is	  the	  bisphenol	  A	  diglycidyl	  ether	  (DGEBA).	  This	  is	  synthesized	  from	  the	  reaction	  of	  bis(4-­‐hydroxy	  phenylene)-­‐2,2	  propane	  (known	  as	  bisphenol	  A)	  and	  1-­‐chloropropene	  2-­‐oxide	  (known	  as	  epichlorohydrin)	  in	  the	  presence	  of	  	  sodium	  hydroxide	  This	  is	  a	  condensation	  reaction.	  The	  structure	  and	  its	  condensed	  form	  is	  dependent	  upon	  the	  stoichiometry	  of	  the	  reactants[10].	  
	  	   6	  An	  example	  of	  a	  commercially	  available	  DGEBA	  is	  Shell’s	  EPON®	  828.	  This	  resin	  has	  an	  average	  molecular	  weight	  of	  377g/mol	  and	  an	  n	  value	  of	  0.13.	  Most	  often	  the	  epoxy	  resins	  have	  a	  value	  of	  n	  with	  in	  the	  range	  of	  0.15	  to	  10.	  Most	  resins	  with	  n	  below	  0.5	  are	  liquid	  and	  vitreous	  at	  higher	  values	  of	  n	  with	  glass	  transition	  temperatures	  typically	  between	  40°C	  and	  90°C.	  Lower	  molecular	  weight	  solid	  resins	  with	  n	  values	  up	  to	  3.7	  are	  prepared	  directly	  from	  epichlorohydrin,	  bisphenol	  A	  and	  a	  stoichiometric	  amount	  of	  NaOH.	  This	  is	  sometimes	  referred	  to	  as	  the	  taffy	  process.	  	  Higher	  molecular	  weight	  solid	  resins	  are	  prepared	  by	  chain	  extension	  reaction	  of	  liquid	  epoxy	  resin	  (crude	  DGEBA)	  with	  bisphenol	  A	  using	  basic	  inorganic	  reagents	  such	  as	  NaOH	  or	  Na2CO3	  as	  catalysts.	  This	  is	  sometimes	  referred	  to	  as	  an	  advancement	  or	  fusion	  process.	  	  	  Another	  type	  of	  epoxy	  resin	  synthesized	  from	  epichlorohydrin	  are	  the	  monomers	  that	  include	  aromatic	  amines,	  like	  aniline	  (DGA),	  para-­‐aminophenol	  (TGpAP)	  and	  methylene	  dianiline	  (TGMDA).	  	  	  	  Epichlorohyrin	  can	  also	  react	  with	  alcohols,	  however	  the	  reaction	  is	  more	  difficult.	  Liquid	  monomers	  synthesized	  with	  butanediol,	  neopentlglycol,	  and	  polypropylene	  oxide	  (molar	  mass	  in	  the	  range	  of	  500g/mol)	  are	  typically	  the	  main	  ones	  formed.	  Furthermore	  the	  oxirane	  groups	  may	  be	  formed	  by	  the	  peroxidation	  of	  	  carbon-­‐carbon	  double	  bonds.	  Several	  types	  of	  oligmers	  are	  formed	  this	  way	  including	  epoxidized	  oils,	  epoxidized	  rubbers,	  and	  cycloaliphatic	  oxides[10].	  
2.1.2	  CURING	  AGENTS	  AND	  REACTIONS	  When	  treated	  with	  a	  curing	  agent,	  or	  hardener	  a	  three-­‐dimensional	  infinite	  insoluble	  and	  infusible	  network	  is	  created.	  Epoxy	  resins	  can	  be	  cured	  with	  a	  wide	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  The	  choice	  of	  curing	  agent	  is	  dependent	  on	  the	  required	  physical	  and	  chemical	  properties,	  as	  well	  as	  the	  processing	  methods	  and	  cure	  conditions	  of	  the	  network.	  	  Catalytic	  or	  coreactive	  curing	  agents	  can	  be	  used	  to	  cure	  an	  expoy	  resin.	  Catalytic	  curing	  agents	  primarily	  function	  as	  initiators	  for	  homopolymerization	  of	  the	  epoxy	  ring-­‐opening.	  	  Catlaytic	  curing	  agents	  include	  lewis	  bases	  such	  as	  tertiary	  amines,	  or	  lewis	  acids	  like	  boron	  trifluoride	  monoethylamine.	  These	  catalytic	  curing	  agents	  can	  be	  used	  for	  homopolymerization,	  as	  accelerators	  or	  supplemental	  curing	  agents	  for	  other	  curing	  agents	  such	  as	  amines	  or	  anhydrides.	  The	  epoxide	  ring	  has	  the	  ability	  to	  react	  with	  many	  varying	  chemicals	  including	  those	  with	  activated	  hydrogen	  atoms	  such	  as	  alcohols,	  amines,	  and	  carboxylic	  acids.	  The	  use	  of	  photoinitiated	  cationic	  curing	  epoxy	  resins	  have	  been	  used	  for	  various	  applications	  in	  the	  coating	  industries[12].	  One	  major	  class	  of	  curing	  agents	  used	  with	  epoxy	  monomers	  is	  those	  containing	  amines.	  Amines	  are	  the	  most	  popular	  choice	  of	  curing	  agent	  for	  epoxides.	  The	  polyaddition	  reaction	  consists	  of	  epoxy	  groups	  reacting	  with	  primary	  and	  secondary	  amines.	  Each	  epoxy	  ring	  has	  the	  ability	  to	  react	  with	  an	  aminoproton.	  The	  epoxy-­‐amine	  reactions	  are	  shown	  in	  the	  following	  to	  reaction	  equations.	  As	  secondary	  alcohols	  are	  produced	  in	  these	  reactions,	  they	  are	  autocatalzyed.	  	  Typically	  aliphatic	  amines	  are	  used	  for	  low-­‐temperature	  curing	  systems	  such	  as	  adhesives	  and	  coatings.	  Aromatic	  diamines	  can	  be	  used	  for	  composite	  materials.	  Cyanoguanidine,	  or	  dicyanodiamide	  (Dicy)	  is	  a	  useful	  monomer	  and	  is	  used	  in	  one-­‐pack	  epoxy	  formulations	  for	  prepregs,	  laminates,	  and	  some	  powder	  coatings.	  Most	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  for	  aerospace	  composites	  are	  based	  on	  a	  combination	  of	  TGMDA	  and	  DDS	  and	  or	  Dicy[10].	  
2.2	  IMPORTANT	  PROPERTIES	  This	  section	  will	  define	  important	  terms	  that	  will	  be	  used	  in	  the	  following	  discussion	  of	  epoxy	  toughening.	  These	  terms	  will	  be	  used	  throughout	  the	  rest	  of	  this	  thesis	  to	  describe	  the	  systems	  and	  the	  mechanical	  properties	  of	  the	  polymers.	  	  	   The	  thermal	  properties	  of	  the	  polymers	  are	  important	  to	  help	  characterize	  the	  network	  created.	  One	  important	  property	  is	  the	  glass	  transition	  temperature,	  Tg,	  which	  is	  a	  thermal	  transition	  resulting	  from	  long-­‐range	  movements	  of	  several	  nearby	  atoms:	  often	  the	  onset	  of	  a	  leathery	  or	  flexible	  solid	  state	  versus	  a	  rigid	  or	  glass-­‐like	  state	  at	  lower	  temperatures[13].	  In	  thermosetting	  polymers,	  the	  presence	  of	  crosslinks	  restricts	  the	  movement	  of	  the	  atoms,	  thus	  increasing	  the	  glass	  transition	  temperature	  over	  values	  that	  would	  occur	  in	  similar	  amorphous	  or	  crystalline	  thermoplastics.	  The	  restrictions	  from	  the	  crosslinks	  stiffen	  the	  material	  above	  the	  glass	  transition	  temperature	  so	  that	  it	  is	  less	  leathery	  and	  more	  rigid	  than	  thermoplastic	  materials	  above	  the	  glass	  transition	  temperature.	  The	  glass	  transition	  temperature	  is	  related	  to	  the	  number	  of	  crosslinks	  formed,	  because	  a	  higher	  number	  of	  crosslinks	  will	  add	  further	  restrictions	  to	  the	  molecules	  and	  require	  higher	  temperatures	  to	  affect	  the	  long	  range	  movements	  that	  are	  characteristic	  of	  the	  glass	  transition	  temperature.	  This	  is	  why	  the	  glass	  transition	  temperature	  is	  used	  as	  an	  indicator	  of	  the	  extent	  of	  cure	  for	  a	  crosslinked	  system[13].	  	  	   Much	  of	  the	  literature	  in	  this	  area	  will	  talk	  about	  the	  strength	  of	  the	  polymer	  system	  and	  how	  tough	  the	  system	  is.	  Strength,	  toughness	  and	  even	  ductility	  are	  all	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  properties	  when	  evaluating	  a	  polymer.	  The	  strength	  of	  a	  polymer	  can	  be	  measured	  in	  a	  couple	  of	  different	  ways.	  The	  first	  kind	  of	  strength	  is	  the	  tensile	  strength.	  The	  polymer	  system	  has	  tensile	  strength	  if	  it	  is	  strong	  when	  one	  pulls	  on	  it	  (tensile	  force).	  The	  tensile	  strength	  is	  a	  measure	  of	  the	  force	  required	  to	  pull	  a	  sample	  apart.	  There	  is	  also	  a	  compressive	  strength.	  The	  compressive	  force	  is	  a	  pushing	  force	  on	  the	  end	  of	  a	  columnar	  sample.	  A	  shear	  force	  is	  a	  force	  that	  causes	  one	  portion	  of	  the	  material	  to	  move	  past	  another	  portion	  of	  the	  material.	  A	  sample	  has	  a	  high	  impact	  strength	  if	  it	  is	  strong	  when	  hit	  sharply	  with	  a	  heavy	  object	  such	  as	  a	  hammer.	  	  	   The	  tensile	  strength	  of	  a	  material	  is	  measured	  though	  the	  use	  of	  an	  instron,	  this	  apparatus	  grips	  each	  end	  of	  the	  sample,	  and	  then	  stretches	  the	  sample.	  While	  it	  is	  pulling	  on	  the	  sample	  it	  measures	  the	  amount	  of	  force	  that	  it	  is	  exerting.	  This	  force	  is	  used	  to	  calculate	  the	  stress,	  σ,	  which	  is	  the	  force	  applied	  divided	  by	  the	  cross-­‐sectional	  area.	  The	  strain,	  ε,	  is	  the	  measure	  of	  the	  displacement	  (stretching)	  of	  the	  sample	  due	  to	  the	  imposed	  force.	  During	  the	  tensile	  testing	  the	  amount	  of	  force	  is	  increased	  until	  the	  sample	  fractures.	  The	  stress	  needed	  to	  break	  the	  sample	  is	  the	  tensile	  strength	  of	  the	  material.	  Engineering	  stress-­‐strain	  is	  where	  the	  strain	  is	  defined	  as	  the	  distance	  elongated	  divided	  by	  the	  original	  length	  of	  the	  sample.	  Several	  regions	  arise	  in	  a	  stress-­‐strain	  curve.	  The	  proportional	  limit	  is	  the	  point	  in	  the	  stress-­‐strain	  curve	  where	  nonlinear	  behavior	  begins.	  The	  yield	  point	  is	  the	  point	  in	  the	  curve	  where	  permanent	  deformation	  of	  the	  sample	  begins,	  this	  is	  also	  known	  as	  the	  elastic	  limit.	  The	  plastic	  region	  of	  a	  stress-­‐strain	  curve	  is	  the	  region	  beyond	  the	  yield	  point,	  and	  permanent	  deformation	  is	  the	  amount	  of	  strain	  not	  recovered	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  when	  a	  stress	  is	  removed	  past	  the	  yield	  point	  of	  the	  material.	  The	  ultimate	  strength	  of	  a	  material	  is	  the	  highest	  stress	  that	  a	  material	  can	  withstand	  without	  breaking.	  	   Very	  often	  it	  is	  important	  to	  determine	  how	  well	  a	  material	  is	  resistant	  to	  deformation.	  This	  information	  is	  obtained	  through	  the	  modulus	  of	  the	  material.	  The	  modulus	  is	  the	  ratio	  of	  the	  stress	  to	  strain	  in	  the	  elastic	  region	  on	  the	  stress-­‐strain	  curve.	  If	  the	  slope	  is	  rather	  steep	  a	  sample	  has	  a	  high	  tensile	  modulus	  and	  the	  material	  resists	  deformation	  quite	  while.	  However	  if	  the	  slope	  is	  gradual	  then	  the	  material	  has	  a	  low	  modulus	  and	  is	  deformed	  easily[13].	  	  The	  term	  toughness	  is	  a	  measure	  of	  a	  material’s	  resistance	  to	  failure.	  It	  is	  usually	  measured	  as	  either	  the	  critical	  stress	  intensity	  factor	  or	  the	  energy	  required	  to	  fail	  a	  specimen	  under	  a	  specific	  loading	  condition.	  It	  is	  usually	  measured	  as	  either	  the	  critical	  stress	  intensity	  factor	  or	  the	  energy	  required	  to	  fail	  a	  specimen	  under	  a	  specific	  loading	  condition.	  It	  can	  be	  seen	  as	  the	  integration	  of	  the	  stress-­‐strain	  curve,	  since	  it	  is	  the	  ability	  to	  absorb	  energy	  without	  breaking.	  Fracture	  toughness	  can	  be	  measured	  by	  investigating	  the	  critical	  stress	  intensity	  factors,	  KIc,	  using	  a	  three	  point	  bending	  specimen.	  High	  values	  of,	  KIc,	  indicate	  high	  fracture	  toughness.	  KIc	  may	  be	  calculated	  by:	  
€ 
KIc = PcS /BW 3 / 2 f (A /W ) 	   	   	   (1)	  where	  Pc	  is	  the	  load	  at	  crack	  initiation,	  B	  is	  the	  thickness	  of	  the	  specimen,	  S	  is	  the	  span	  width,	  W	  is	  the	  width	  of	  the	  specimen,	  and	  A	  is	  the	  crack	  length.	  	  A	  KIC	  value	  is	  believed	  to	  represent	  a	  lower	  limiting	  value	  of	  fracture	  toughness.	  This	  value	  may	  be	  used	  to	  estimate	  the	  relation	  between	  failure	  stress	  and	  defect	  size	  for	  a	  material	  in	  service	  wherein	  conditions	  of	  high	  constraint	  would	  be	  expected.	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  parameter	  in	  indicating	  toughness	  properties	  is	  the	  fracture	  energy;	  GIc.	  High	  values	  of	  fracture	  energy	  are	  an	  indication	  of	  high	  fracture	  toughness.	  This	  is	  calculated	  from	  the	  KIc	  through	  the	  following	  equation:	  
€ 
GIc = (1−γ 2)KIc2 /E 	   	   	   	   (2)	  where	  γ	  is	  Poisson’s	  ratio	  and	  E	  is	  the	  flexural	  modulus.	  
2.3	  TOUGHENING	  EPOXY	  NETWORKS	  
2.3.1	  RUBBER	  TOUGHENING	  A	  common	  approach	  to	  toughening	  epoxies	  is	  including	  a	  second	  phase.	  The	  second	  phase	  typically	  is	  a	  soft	  and	  rubbery	  particulate	  that	  improves	  crack	  growth	  resistance.	  This	  method	  was	  first	  used	  with	  brittle	  thermoplastic	  in	  the	  early	  1960s	  and	  within	  a	  decade	  from	  this	  work	  the	  inclusions	  were	  introduced	  into	  thermosetting	  polymers[3].	  Two	  main	  methods	  exist	  for	  introducing	  rubber	  into	  epoxies	  for	  toughening.	  The	  first	  mehod,	  which	  has	  been	  in	  use	  since	  the	  1970s,	  is	  based	  on	  introducing	  reactive	  oligomers	  into	  the	  system.	  During	  this	  technique	  the	  oligomer	  is	  dissolved	  into	  the	  epoxy	  monomer,	  then	  the	  curing	  agent	  is	  added	  to	  the	  system.	  As	  the	  resin	  begins	  to	  cure	  and	  the	  molecular	  weight	  of	  the	  system	  increases,	  the	  rubbery	  phase	  separates	  and	  precipitates	  out.	  The	  volume	  fraction	  and	  size	  of	  the	  rubber	  particles	  are	  influenced	  by	  how	  compatible	  each	  phase	  is	  with	  one	  another	  and	  with	  the	  gelation	  kinetics[14].	  Typically	  the	  main	  types	  of	  reactive	  oligomers	  used	  for	  toughening	  epoxies	  are	  butadiene-­‐acrylonitrile	  based	  rubbers[15].	  Typically	  Carboxyl-­‐terminated	  butadiene-­‐acrylonitrile	  (CBTN)	  rubbers	  with	  different	  acrylonitrile	  	  (AN)	  content	  have	  been	  investigated	  and	  used	  to	  toughen	  epoxies[15].	  Other	  types	  of	  butadiene-­‐acrylonitrile	  based	  rubbers	  used	  to	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  include	  ATBN	  (amino-­‐terminated),	  EBTN	  (epoxy-­‐terminated),	  and	  VTBN	  (vinyl-­‐terminated).	  	   The	  second	  type	  of	  rubber	  toughening	  for	  toughening	  epoxies	  was	  introduced	  about	  twenty	  years	  after	  the	  reactive	  oligomer	  technique	  was	  first	  used.	  This	  method	  is	  to	  toughen	  epoxies	  by	  introducing	  pre-­‐formed	  elastomeric	  particles	  instead	  of	  the	  reactive	  oligomers	  into	  the	  system.	  One	  type	  of	  particle	  used	  is	  a	  structured	  core-­‐shell	  latex	  particle	  that	  has	  a	  rubbery	  core	  and	  a	  thin	  layer	  of	  glass	  coating.	  These	  particles	  provide	  some	  advantages	  over	  reactive	  oligomers	  including	  thermo-­‐mechanical	  properties.	  The	  particle	  size	  and	  volume	  fraction	  of	  the	  second	  phase	  can	  be	  more	  easily	  controlled	  than	  with	  the	  reactive	  oligomers.	  The	  glassy	  shell	  is	  used	  to	  make	  working	  with	  the	  particles	  easier.	  Without	  the	  glassy	  shell	  the	  rubber	  particles	  could	  stick	  together	  and	  the	  sizes	  and	  shapes	  of	  these	  molecules	  would	  be	  changed	  inhibiting	  their	  usefulness.	  Typically	  the	  rubbery	  cores	  are	  made	  out	  of	  acrylic	  or	  butadiene	  based	  rubbers.	  The	  composition	  of	  the	  	  shell	  is	  	  based	  upon	  the	  chemical	  structure	  of	  the	  matrix	  and	  the	  interface[3].	  	  	   Further	  research	  has	  been	  done	  to	  determine	  if	  the	  use	  of	  a	  multi-­‐core	  shell	  modifier	  would	  be	  beneficial.	  These	  types	  of	  particles	  have	  a	  rubbery	  inner	  layer	  with	  a	  glassy	  seed	  and	  the	  outer	  surface	  is	  covered	  with	  a	  glassy	  shell.	  These	  particles	  have	  been	  shown	  to	  toughen	  polymers	  in	  a	  similar	  manner	  as	  traditional	  rubber	  modifiers[16].	  	   In	  addition	  to	  the	  rubber	  inclusions	  newer	  non	  traditional	  inclusions	  have	  been	  developed	  through	  advances	  in	  synthetic	  chemistry.	  These	  inclusions	  have	  led	  to	  rubber	  modifiers	  with	  block	  copolymers	  that	  have	  the	  ability	  to	  self-­‐assemble	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  into	  hierarchical	  substructures	  like	  vesiciles,	  spherical	  micelles,	  and	  worm-­‐like	  micelles	  on	  the	  nanometer	  level[17-­‐21].	  These	  type	  of	  systems	  are	  still	  being	  researched	  and	  developed	  in	  many	  research	  groups.	  
2.3.2	  THE	  ROLE	  OF	  THE	  EPOXY	  MATRIX	  IN	  RUBBER	  TOUGHENING	  The	  properties	  of	  the	  matrix	  as	  the	  host	  of	  the	  rubbery	  inclusions	  	  play	  an	  important	  role	  in	  the	  toughening	  of	  epoxies.	  Most	  of	  the	  accepted	  toughening	  mechanisms	  involve	  shear	  deformation	  of	  the	  matrix	  as	  the	  main	  reason	  for	  toughening[22-­‐24].	  Meeks	  was	  one	  of	  the	  first	  researches	  to	  report	  that	  the	  structure	  of	  the	  cured	  epoxy	  is	  important	  for	  toughening	  it.	  He	  determined	  that	  highly	  dense	  crosslinked	  structures	  with	  fairly	  high	  glass	  transition	  temperatures	  are	  not	  easily	  toughened	  or	  very	  toughenable[25].	  This	  brought	  about	  the	  idea	  of	  changing	  the	  crosslink	  density	  in	  the	  epoxy	  system.	  Kinloch	  et	  al[26,	  27]	  changed	  the	  crosslink	  density	  of	  epoxy	  systems	  by	  changing	  the	  curing	  schedule	  of	  the	  epoxy	  system.	  Epoxy	  systems	  with	  lower	  crosslink	  densities	  were	  determined	  to	  be	  more	  toughenable	  than	  the	  systems	  with	  the	  higher	  crosslink	  density.	  This	  brought	  about	  more	  studies	  of	  epoxy	  networks.	  Pearson	  and	  Yee[4]	  continued	  studying	  these	  networks	  by	  investigating	  the	  influence	  of	  crosslink	  density	  on	  the	  toughenability	  of	  DGEBA	  based	  epoxy	  systems.	  Changing	  the	  molecular	  weights	  of	  the	  DGEBA	  monomers	  that	  were	  used	  in	  the	  work	  changed	  the	  network	  density.	  Larger	  epoxy	  monomers	  result	  in	  networks	  that	  have	  less	  crosslinks.	  Pearson	  and	  Yee[4]	  also	  reported	  that	  the	  fracture	  toughness	  of	  a	  neat	  resin	  is	  nearly	  independent	  of	  the	  network	  density,	  but	  the	  crack	  growth	  resistance	  of	  the	  rubber	  modified	  epoxy	  is	  extremely	  dependent	  on	  the	  structure	  of	  the	  resin.	  They	  also	  found	  significant	  shear	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  associated	  with	  fracture	  of	  the	  rubber-­‐modified	  epoxies	  in	  the	  lightly	  cross-­‐linked	  epoxies.	  The	  formation	  of	  a	  crack	  tip	  damage	  zone	  in	  the	  case	  of	  the	  tightly	  crosslinked	  networks	  was	  not	  seen[4].This	  study	  helped	  to	  draw	  the	  conclusion	  that	  the	  ductility	  of	  a	  network	  is	  an	  important	  factor	  in	  rubber	  toughening.	  More	  ductile	  networks	  are	  easier	  to	  toughen	  thought	  the	  additions	  of	  rubber	  modifiers[4].	  Other	  researchers	  have	  also	  had	  findings	  similar	  to	  those	  of	  Pearson	  and	  Yee[4]	  and	  further	  validated	  that	  ductility	  of	  the	  matrix	  is	  important	  in	  using	  rubber	  inclusions	  to	  toughen	  epoxy	  networks[28-­‐30].	  This	  helps	  to	  prove	  that	  “matrix	  shear	  yielding”	  is	  the	  most	  credible	  mechanism	  for	  toughening	  in	  rubber-­‐modified	  epoxies.	  	  	   The	  effect	  of	  matrix	  ductility	  on	  the	  toughness	  in	  a	  CTBN-­‐toughened	  DGEBA-­‐piperidine	  system	  was	  investigated	  by	  Chen	  and	  Jan[31].	  In	  this	  study,	  the	  researchers	  blended	  a	  DGEBA	  epoxy	  with	  two	  other	  resins	  that	  had	  a	  different	  ductility	  to	  change	  the	  average	  matrix	  ductility.	  The	  two	  other	  resins	  used	  in	  these	  experiments	  included	  a	  rigid	  and	  poly	  functional	  4,4’-­‐diaminodiphenol	  methane	  and	  a	  more	  flexible	  diglycidyl	  ether	  of	  propylene	  glycol.	  From	  this	  study	  it	  was	  determined	  that	  the	  fracture	  energy	  of	  the	  neat	  epoxy	  increased	  to	  some	  extent	  with	  the	  increase	  in	  the	  resin	  ductility.	  	  The	  toughness	  of	  the	  rubber	  modified	  system	  also	  had	  strong	  increases	  with	  matrix	  ductility[31].	  They	  also	  claimed	  that	  the	  rubbery	  phase	  morphologies	  of	  the	  toughened	  epoxy	  resins	  are	  similar,	  despite	  the	  variation	  in	  matrix	  ductility.	  Examination	  of	  the	  fracture	  behavior	  revealed	  that	  matrix	  ductility	  causes	  a	  large	  increase	  in	  the	  plastic	  deformation	  zone	  in	  the	  vicinity	  of	  the	  crack	  tip.	  The	  size	  of	  the	  plastic	  deformation	  zone	  under	  constant	  rubbery-­‐phase	  morphology	  is	  determined	  by	  multiple,	  but	  localized,	  plastic	  shear	  yielding.	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  Increasing	  the	  matrix	  ductility	  also	  increases	  the	  size	  of	  the	  plastic	  deformation	  area	  by	  creating	  more	  main	  sources	  of	  energy	  dissipation	  and	  toughness	  improvement[31].	  Also	  because	  of	  a	  similar	  degree	  of	  rubber	  cavitation	  found	  on	  the	  fracture	  surfaces	  it	  was	  determined	  that	  as	  the	  matrix	  rigidity	  increases.	  	  An	  increasing	  proportion	  of	  the	  fracture	  energy	  is	  dissipated	  by	  the	  cavitation	  process	  during	  the	  crack	  initiation.	  	  The	  proportion	  of	  the	  fracture	  energy	  dissipated	  by	  the	  multiple	  but	  localized	  shear	  yielding	  is	  decreased	  as	  well[31].	  	  Kishi	  et	  al[32]	  looked	  at	  local	  strains	  in	  unmodified	  and	  rubber-­‐modified	  epoxies	  under	  multiaxial	  stress	  states.	  Using	  epoxide	  resins	  of	  different	  monomer	  molecular	  weights	  varied	  the	  matrix	  ductility	  and	  the	  stress	  state	  was	  altered	  from	  a	  plane	  strain	  case	  to	  a	  plane	  stress	  case	  by	  varying	  the	  thickness	  of	  the	  test	  specimens.	  From	  this	  work	  it	  was	  concluded	  that	  the	  stress	  state	  influences	  the	  extent	  of	  strain	  at	  failure.	  Crosslinkd	  density	  was	  identified	  as	  an	  intrinsic	  material	  property	  and	  dictates	  the	  achievable	  ductility.	  Cavitation	  of	  rubber	  particles	  relieves	  the	  initial	  multiaxial	  constraint	  in	  a	  thick	  specimen,	  and	  induces	  a	  stress	  state	  closer	  to	  the	  plane	  stress,	  and	  thus	  enables	  the	  matrix	  to	  deform	  to	  a	  larger	  extent.	  It	  was	  also	  determined	  from	  these	  investigations	  that	  the	  toughenablility	  of	  a	  matrix	  resin	  is	  intimately	  related	  to	  the	  stress	  state	  and	  the	  matrix	  ductility[32].	  Franco	  et	  al[33]	  investigated	  the	  relationship	  between	  mechanical	  properties	  and	  the	  degree	  of	  crosslinking	  in	  epoxy	  blends.	  These	  blends	  contained	  different	  amounts	  of	  polyoxypropylene	  (POPTA)	  and	  changing	  the	  hardener-­‐to-­‐epoxy	  ratio	  altered	  the	  degree	  of	  crosslinking.	  The	  results	  found	  that	  the	  lowest	  fracture	  energy	  was	  obtained	  at	  the	  stoichiometric	  ratio	  of	  hardener-­‐to-­‐epoxy	  and	  more	  ductile	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  behavior	  was	  evident	  when	  the	  crosslink	  density	  decreased	  at	  nonstoichiometric	  ratios[33].	  Then	  by	  comparing	  the	  results	  with	  those	  of	  Pearson	  and	  Yee[4]	  	  it	  was	  	  concluded	  that	  the	  toughenability	  of	  epoxy	  resins	  is	  dependent	  on	  the	  ductility	  of	  the	  matrix	  that	  directly	  relates	  to	  the	  network	  density[33].	  	  Arias	  et	  al[34]	  varied	  the	  matrix	  ductility	  of	  the	  networks	  by	  changing	  the	  crosslinking	  agent	  instead	  of	  the	  molecular	  weight	  of	  the	  epoxy	  monomers.	  The	  crosslinking	  agents	  used	  in	  this	  investigation	  were	  piperidine	  and	  3DCM.	  Results	  from	  this	  study	  found	  a	  more	  ductile	  matrix	  occurred	  in	  the	  piperidine-­‐cured	  epoxy	  where	  a	  larger	  post-­‐yielding	  strain	  softening	  occurred.	  	  This	  system	  also	  responded	  well	  to	  the	  addition	  of	  CTBN	  rubber.	  The	  epoxy	  piperidine-­‐cured	  epoxy	  with	  CTBN	  showed	  particle	  cavitation	  and	  massive	  shear	  yielding.	  	  A	  crack	  tip	  shear	  deformation	  in	  the	  3DCM-­‐cured	  epoxy	  was	  not	  seen.	  	  Arias	  et	  al[34]	  claimed	  that	  crosslink	  density	  is	  not	  a	  proper	  measure	  for	  the	  ductility	  of	  a	  matrix	  since	  the	  use	  of	  different	  curing	  agents	  may	  give	  the	  same	  amount	  of	  crosslinking,	  but	  the	  matrix	  could	  still	  have	  	  a	  different	  ductility	  with	  different	  hardeners.	  The	  glass	  transition	  temperature	  is	  a	  better	  measure	  of	  ductility	  for	  a	  matrix	  according	  to	  Arias	  et	  al	  [34]	  	  Liu	  et	  al[35]	  studied	  the	  effect	  of	  crosslink	  density	  on	  fracture	  behavior	  of	  model	  epoxies	  containing	  block	  copolymer	  nanoparticles.	  The	  epoxy	  resin	  used	  was	  DER	  332	  a	  DGEBA	  resin	  and	  it	  was	  cured	  with	  a	  1,1,1-­‐tris(4-­‐hydroxyphenyl)ethane	  crosslinker.	  The	  block	  copolymer	  toughening	  agent	  used	  is	  the	  PEP-­‐PEO	  amphiphilic	  BCP,	  where	  PEO	  is	  an	  epoxy-­‐miscible	  block	  and	  PEP	  is	  an	  epoxy-­‐immiscible	  block	  which	  creates	  a	  rubbery	  domain	  with	  a	  size	  of	  about	  15	  nm[35].	  	  	  This	  study	  found	  that	  the	  toughenability	  of	  the	  material	  is	  strongly	  influenced	  by	  the	  molecular	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  between	  crosslinks.	  The	  lower	  the	  crosslink	  density	  is,	  the	  more	  capable	  the	  host	  resin	  can	  be	  toughened	  by	  the	  incorporation	  of	  the	  elastomeric	  phase.	  The	  nano-­‐sized	  BCP	  particles	  appear	  to	  be	  at	  least	  as	  effective	  as	  CSR	  in	  toughening	  epoxies	  at	  various	  levels	  of	  crosslink	  densities[35].	  The	  fracture	  and	  tensile	  behaviors	  of	  nano-­‐sized	  PEP–	  PEO	  micelle-­‐toughened	  epoxy	  were	  systematically	  investigated	  at	  test	  rates	  ranging	  from	  0.51	  to	  508	  mm/min[36].	  BCP-­‐toughened	  epoxy	  was	  found	  to	  exhibit	  an	  increased	  rate	  dependence	  compared	  to	  the	  same	  epoxy	  containing	  no	  BCP,	  and	  compared	  to	  the	  characteristics	  of	  CTBN-­‐	  toughened	  epoxy.	  A	  higher	  strain	  rate	  leads	  to	  lower	  fracture	  toughness	  and	  a	  more	  brittle	  behavior	  in	  tension.	  When	  introduced	  into	  the	  epoxy	  system	  this	  toughening	  phase	  leads	  to	  a	  180%	  improvement	  in	  fracture	  resistance[36].	  
2.3.3	  THE	  ROLE	  OF	  RUBBER	  PARTICLE	  CONCENTRATION	  While	  the	  ductility	  of	  the	  matrix	  is	  an	  important	  consideration	  for	  rubber	  toughening	  of	  epoxy	  based	  networks,	  other	  factors	  are	  also	  important	  including	  the	  concentration	  of	  rubber	  particles	  in	  the	  system.	  The	  inclusion	  of	  rubber	  into	  epoxies	  is	  most	  often	  associated	  with	  a	  decrease	  in	  the	  modulus	  of	  elasticity	  and	  the	  yield	  stress	  for	  the	  given	  network.	  This	  has	  been	  seen	  as	  a	  linear	  decrease	  with	  rubber	  particle	  concentrations	  up	  to	  20%	  for	  some	  epoxy	  resins[37].	  The	  fracture	  toughness	  has	  been	  seen	  to	  increase	  lineally	  up	  to	  a	  certain	  concentration	  of	  rubber.	  This	  cut	  off	  level	  is	  between	  10	  to	  20%	  by	  volume	  based	  on	  various	  studies[3].	  The	  GIC	  increase	  slows	  then	  reaches	  a	  limiting	  value,	  or	  decreases	  again	  beyond	  the	  cut	  off	  concentration.	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  Kim	  and	  Ma[38]	  investigated	  the	  effect	  of	  CTBN	  rubber	  content	  in	  a	  DGEBA	  epoxy	  resin	  cured	  with	  DDS	  .	  It	  was	  determined	  that	  the	  optimum	  rubber	  content	  was	  4	  phr,	  which	  was	  different	  from	  other	  investigators.	  In	  this	  study	  the	  researchers	  were	  not	  able	  to	  keep	  the	  sizes	  of	  the	  particles	  constant.	  The	  particle	  sizes	  increase	  with	  increasing	  rubber	  content	  from	  4	  to	  8	  phr[38].	  Because	  the	  particle	  size	  varies	  with	  concentration	  this	  study	  shows	  both	  the	  effect	  of	  particle	  size	  in	  addition	  to	  the	  effect	  of	  particle	  concentration.	  The	  investigators	  observed	  the	  largest	  whitening	  zone	  size	  at	  4	  phr	  rubber	  content	  where	  the	  maximum	  fracture	  toughness	  was	  obtained[39].	  This	  trend	  is	  different	  from	  the	  work	  of	  other	  researchers	  who	  investigated	  the	  role	  of	  particle	  concentration	  in	  similar	  systems.	  	  Particle	  concentration	  was	  further	  investigated	  using	  epoxy-­‐core	  shell	  particle	  blends	  by	  Becu	  et	  al[40].	  The	  static	  and	  fatigue	  fracture	  behavior	  of	  these	  systems	  as	  a	  function	  of	  the	  modifier	  content	  and	  the	  nature	  of	  the	  rubbery	  core	  in	  core-­‐shell	  rubber	  (CSR)	  particles	  was	  studied.	  The	  results	  were	  that	  the	  fracture	  toughness	  and	  impact	  strength	  of	  the	  polymer	  blends	  increased	  with	  the	  addition	  of	  CSR	  particles	  up	  to	  a	  concentration	  of	  24	  vol%.	  	  Also	  seen	  was	  a	  reduction	  in	  fatigue	  crack	  growth	  rate	  by	  the	  addition	  of	  the	  modifier	  content.	  Becu	  et	  al	  proposed	  that	  cavitation	  followed	  by	  matrix	  shear	  yielding	  was	  the	  mechanism	  for	  toughening	  in	  epoxy	  blends[40].	  	  As	  for	  rubber	  concentration,	  many	  researchers	  have	  seen	  optimum	  rubber	  concentrations	  in	  which	  fracture	  toughness	  does	  not	  improve,	  and	  in	  some	  cases	  may	  even	  decrease.	  Since	  the	  main	  mechanisms	  of	  toughening	  involve	  plastic	  deformation	  of	  the	  matrix,	  it	  naturally	  makes	  sense	  that	  there	  is	  a	  point	  beyond	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  which	  there	  is	  not	  enough	  material	  left	  to	  	  contribute	  	  to	  fracture	  toughness.	  While	  many	  researchers	  show	  evidence	  of	  a	  limit	  to	  the	  amount	  of	  modifier	  to	  include,	  an	  exact	  limit	  does	  not	  exist	  and	  seems	  to	  be	  dependant	  on	  the	  system	  chosen.	  	  
2.3.4	  THE	  ROLE	  OF	  RUBBER	  SIZE	  AND	  DISTRIBUTION	  Several	  studies	  have	  also	  been	  carried	  out	  to	  determine	  the	  influence	  of	  particle	  size	  in	  rubber	  toughening	  of	  epoxies.	  Pearson	  and	  Yee[23]	  looked	  at	  both	  particle	  size	  and	  distribution	  in	  rubber-­‐modified	  epoxies.	  The	  study	  compared	  the	  toughening	  efficiency	  of	  1.5	  and	  150	  μm	  rubber	  particles.	  In	  this	  study	  it	  was	  determined	  that	  in	  spite	  of	  bridging	  the	  crack	  wake,	  large	  particles	  did	  not	  alter	  the	  fracture	  toughness	  very	  much.	  The	  small	  particles	  were	  found	  to	  have	  cavitated	  and	  significantly	  improved	  the	  toughness	  of	  the	  polymer[23].	  From	  this	  study	  Pearson	  and	  Yee[23]	  concluded	  that	  the	  bridging	  of	  particles	  does	  not	  contribute	  to	  the	  fracture	  toughness	  that	  much	  because	  rubber	  particles	  do	  not	  have	  a	  high	  load	  baring	  capability.	  	  Findings	  were	  that	  particles	  greater	  than	  20	  μm	  were	  ineffective	  for	  toughening	  ductile	  epoxy	  matrices.	  Also	  found	  was	  that	  smaller	  rubber	  particles	  are	  able	  to	  interact	  with	  the	  crack	  tip	  stress	  field	  and	  cavitate.	  	  This	  helps	  to	  toughen	  epoxies[23].	  The	  effect	  of	  particle	  surface	  functionality,	  size,	  and	  morphology	  on	  impact	  fracture	  properties	  were	  investigated	  by	  Day	  et	  al[41].	  The	  particles	  used	  were	  synthesized	  by	  sequential	  emulsion	  polymerization	  and	  composed	  of	  a	  glassy	  polymer	  core,	  a	  rubbery	  interlayer,	  and	  an	  outer	  layer	  of	  glassy	  polymer.	  It	  was	  determined	  that	  the	  size	  of	  the	  particle	  was	  important	  and	  that	  the	  particle	  diameter	  at	  the	  periphery	  of	  the	  rubbery	  layer	  had	  to	  be	  more	  than	  0.35	  μm.	  When	  the	  size	  of	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  periphery	  of	  the	  rubber	  layer	  was	  reduced,	  a	  reduction	  in	  the	  fracture	  toughness	  was	  seen.	  This	  was	  because	  of	  problems	  that	  occurred	  in	  cavitation	  of	  the	  rubbery	  interlayer[41].	  	  Kim	  et	  al[42]	  looked	  at	  the	  preparation	  and	  physical	  properties	  of	  rubber-­‐modified	  epoxy	  resin	  using	  Poly(urethane	  acrylate)/	  Poly(glycidyl	  methacrylate-­‐co-­‐acrylonitrile)	  core–shell	  composite	  particles.	  The	  modifier	  particles	  were	  varied	  from	  48	  to	  200	  nm	  by	  introducing	  polyoxyethylene	  groups	  into	  the	  urethane	  acrylate	  molecules.	  The	  morphology	  of	  the	  two-­‐stage	  composite	  latex	  was	  inferred	  using	  surface	  energy	  measurements	  and	  titration	  of	  the	  emulsion.	  The	  results	  were	  that	  the	  impact	  strength	  of	  the	  modified	  epoxy	  resin	  increased	  as	  the	  shell	  thickness	  and	  contents	  of	  composite	  particles	  also	  increased.	  Additional	  findings	  showed	  that	  when	  PMUA4	  was	  used	  as	  a	  core	  polymer	  at	  the	  stage	  ratio	  of	  70/30,	  impact	  strength	  was	  improved	  more	  than	  20	  times	  compared	  with	  that	  of	  pure	  epoxy	  resin[42].	  The	  effect	  of	  nano-­‐rubbers	  in	  epoxy	  was	  studied	  by	  Dean	  et	  al[17,	  18].	  The	  work	  made	  use	  of	  diblock	  copolymers	  consisting	  of	  different	  molecular	  weights	  and	  concentrations	  as	  rubber	  modifiers	  in	  epoxies	  with	  high	  crosslink	  densities.	  The	  size	  of	  the	  particles	  changed	  with	  changes	  in	  the	  molecular	  weight	  of	  the	  core	  block.	  The	  introduced	  particles	  self-­‐assembled	  into	  different	  configurations	  in	  the	  rubbery	  phase.	  These	  configurations	  included	  vesicular,	  spherical,	  and	  wormlike	  micelles.	  They	  found	  that	  the	  fracture	  toughness	  values	  in	  the	  polymer	  blends	  with	  the	  vesicle	  and	  spherical	  micelle	  morphologies	  to	  be	  rather	  small.	  In	  the	  12-­‐60	  mn	  size	  range	  the	  differences	  were	  small	  despite	  the	  wide	  range	  of	  molecular	  weights	  and	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  block	  copolymer	  concentrations	  used[18].	  They	  had	  predicted	  that	  the	  improvement	  in	  fracture	  toughness	  would	  have	  been	  more	  significant	  with	  increasing	  the	  block	  copolymer	  concentration.	  They	  then	  proposed	  that	  that	  the	  small	  size	  of	  the	  spherical	  micelles	  in	  the	  nano-­‐scale	  was	  the	  reason	  for	  not	  seeing	  substantial	  improvements[17].	  An	  improvement	  in	  fracture	  toughness	  was	  observed	  in	  larger	  vesicles	  on	  the	  order	  of	  0.6	  μm	  when	  comparing	  the	  larger	  particles	  to	  the	  nano-­‐sized	  particles[18].	  They	  also	  stated	  that	  debonding	  and	  subsequent	  matrix	  plastic	  deformation	  were	  the	  mechanisms	  of	  toughening	  in	  these	  systems[18].	  Liu	  at	  al[43]	  looked	  at	  amphiphilic	  block	  copolymer	  modified	  epoxy	  systems.	  The	  amphiphilic	  block	  copolymer	  toughener	  was	  incorporated	  into	  a	  liquid	  epoxy	  resin	  formulation	  and	  self-­‐assembled	  into	  well-­‐dispersed	  nanometer	  scale	  spherical	  micelles	  with	  a	  size	  of	  about	  15	  nm.	  The	  study	  found	  that	  the	  nanosized	  block	  copolymer	  at	  5	  wt	  %	  loading	  can	  significantly	  improve	  the	  fracture	  toughness	  of	  cured	  epoxy	  thermosets	  without	  reduction	  in	  modulus	  at	  room	  temperature	  and	  with	  only	  a	  slight	  drop	  in	  glass	  transition	  temperature[43].	  It	  was	  proposed	  that	  the	  toughening	  mechanism	  in	  this	  system	  was	  that	  the	  15	  nm	  size	  block	  copolymer	  micelles	  could	  cavitate	  to	  induce	  matrix	  shear	  banding,	  which	  mainly	  accounted	  for	  the	  observed	  remarkable	  toughening	  effect.	  	  Also	  acknowledged	  was	  that	  crack	  tip	  blunting,	  may	  also	  play	  a	  role	  in	  the	  toughening	  of	  the	  epoxy[43].	  
2.3.5	  ENGINEERING	  THERMOPLASTIC	  MODIFIED	  EPOXIES	  	  While	  rubber	  modifiers	  can	  significantly	  toughen	  epoxy	  networks,	  and	  are	  great	  for	  a	  variety	  of	  applications,	  they	  still	  have	  some	  major	  disadvantages.	  In	  high	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  performance	  epoxy	  resins	  the	  toughening	  by	  rubber	  inclusions	  has	  varied	  performance	  based	  upon	  a	  number	  of	  factors	  including	  network	  morphology.	  This	  can	  be	  attributed	  to	  the	  nature	  of	  the	  high	  crosslink	  density	  in	  some	  networks,	  which	  results	  in	  reduced	  molecular	  mobility.	  In	  addition,	  rubbers	  used	  in	  epoxy	  resin	  modification	  typically	  have	  low	  glass	  transition	  temperatures	  that	  lower	  the	  maximum	  temperature	  at	  which	  the	  epoxy	  can	  be	  used.	  These	  additives	  result	  in	  a	  decrease	  of	  other	  desirable	  mechanical	  properties	  such	  as	  modulus	  or	  tensile	  strength.	  Toughening	  epoxy-­‐based	  networks	  with	  engineering	  thermoplastics	  has	  received	  much	  attention	  because	  this	  method	  generally	  does	  not	  cause	  other	  mechanical	  properties	  to	  decrease	  as	  dramatically.	  Using	  Engineering	  thermoplastics	  to	  toughen	  epoxies	  is	  a	  newer	  concept	  than	  that	  of	  using	  rubber	  inclusions	  to	  toughen	  epoxies.	  Work	  in	  this	  area	  was	  first	  pioneered	  by	  Bucknall	  and	  Partridge	  in	  1982.	  	  That	  work	  studied	  phase	  separation	  in	  epoxy	  resins	  containing	  polyethersulphone[44].	  	  Scanning	  electron	  microcopy	  and	  dynamic	  mechanical	  spectroscopy	  were	  used	  to	  look	  at	  the	  phase	  separation	  of	  dissolved	  polyethersulphone	  (PES)	  from	  trifunctional	  and	  tetrafunctional	  epoxy	  resins	  during	  curing.	  The	  trifunctional	  resin	  used	  was	  Epoxy	  III	  (Ciba-­‐Geigy	  ERL	  0510).	  It	  had	  a	  low	  viscosity	  at	  room	  temperature	  and	  epoxy	  equivalent	  weight	  of	  100	  g/mol	  and	  a	  molecular	  weight	  of	  about	  300[44].	  The	  tetrafunctional	  Epoxy	  IV	  resin	  (Ciba-­‐Geigy	  MY720)	  used	  had	  a	  much	  higher	  viscosity	  at	  room	  temperature	  and	  an	  epoxy	  equivalent	  weight	  of	  about	  130	  g/mol	  with	  a	  molecular	  weight	  of	  about	  520[44].	  The	  resins	  were	  modified	  with	  Victrex	  100P	  polyethersulphone.	  It	  has	  	  a	  relatively	  low	  molecular	  weight	  grade	  and	  was	  manufactured	  by	  ICI	  Ltd.	  The	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  polymer	  was	  then	  micronized	  to	  a	  fine	  powder	  that	  has	  a	  maximum	  particle	  size	  of	  6	  μm.	  The	  resins	  were	  cured	  using	  one	  of	  two	  hardening	  agents:	  diaminodiphenylsulphone	  [DDS]	  and	  dicyanodiamide	  [Dicy][44].	  No	  phase	  separation	  in	  blends	  with	  high	  concentrations	  of	  the	  tetrafunctional	  resin	  was	  seen.	  Another	  finding	  was	  that	  the	  type	  and	  concentration	  of	  the	  resin	  and	  hardener	  affect	  the	  morphology	  of	  the	  PES-­‐rich	  phase;	  and	  addition	  of	  PES	  has	  little	  effect	  upon	  the	  creep	  and	  fracture	  toughness	  of	  the	  resin	  mixtures,	  irrespective	  of	  the	  degree	  of	  phase	  separation	  or	  the	  morphology[44].	  Following	  this	  study,	  several	  researchers	  looked	  at	  several	  types	  of	  thermoplastics	  to	  toughen	  epoxy	  networks.	  Poly(phenylene	  oxide)	  (PPO)	  has	  been	  used	  to	  toughen	  epoxy	  networks.	  Pearson	  and	  Yee	  looked	  at	  the	  preparation	  and	  morphology	  of	  different	  PPO-­‐Epoxy	  blends[45].	  In	  this	  study	  it	  was	  found	  that	  PPO	  was	  miscible	  in	  diglycidyl	  ether	  of	  bisphenol	  A	  (DGEBA)	  based	  epoxy.	  This	  was	  cured	  with	  piperidine.	  The	  epoxy	  system	  was	  modified	  by	  dissolving	  polyphenylene	  oxide	  (PPO)	  in	  the	  epoxy	  while	  it	  was	  heated.	  The	  alloys	  that	  were	  studied	  consisted	  of	  two	  glassy	  phases	  PPO	  was	  the	  particulate	  phase.	  	  First	  studies	  showed	  that	  the	  morphologies	  of	  these	  systems	  were	  not	  uniform	  and	  worked	  on	  the	  stabilization	  of	  the	  particulate	  morphology[45].	  The	  parameters	  used	  as	  a	  way	  to	  control	  the	  morphology	  included:	  the	  PPO	  molecular	  weight,	  the	  addition	  of	  low	  molecular	  weight	  styrene-­‐maleic	  anhydride	  block	  copolymers,	  the	  addition	  of	  high	  molecular	  weight	  styrene-­‐maleic	  anhydride	  block	  copolymers,	  the	  molecular	  weight	  of	  the	  DGEBA	  resin	  used,	  and	  the	  PPO	  content[45].	  Results	  from	  this	  work	  determined	  that	  the	  addition	  of	  10	  phr	  high	  molecular	  weight	  PPO	  to	  the	  DGEBA	  epoxy	  gives	  a	  two	  phase	  solid	  made	  up	  of	  two	  
	  	   24	  micron	  particles	  and	  large	  1	  mm	  particles.	  The	  large	  particles	  were	  heterogeneous	  in	  composition	  and	  consist	  of	  co-­‐continuous	  domains	  of	  PPO	  and	  epoxy[45].	  When	  the	  molecular	  weight	  of	  the	  PPO	  was	  degreased	  from	  42,500	  to	  34,00	  g/mole	  the	  large	  particles	  were	  still	  seen.	  The	  use	  of	  SMA	  copolymers	  of	  low	  molecular	  weight	  (<4000	  g/mole)	  did	  not	  improve	  the	  uniformity	  of	  the	  two-­‐phase	  materials,	  however	  using	  the	  addition	  of	  a	  particular	  styrene-­‐maleic	  anhydride	  copolymer	  to	  the	  DGEBA/PIP	  epoxy	  system	  can	  eliminate	  the	  occurrence	  of	  the	  large	  PPO	  particles.	  Overall	  this	  study	  showed	  that	  a	  compatibilizing	  agent	  could	  help	  to	  create	  blends	  of	  epoxy	  with	  thermoplastic	  inclusions.	  This	  was	  also	  one	  of	  the	  first	  studies	  that	  used	  an	  emulsifying	  agent	  to	  improve	  the	  morphology	  of	  thermoplastic	  modified	  epoxies[45].	  	  Polyetherimide	  (PEI)	  toughened	  epoxy	  networks	  were	  studied	  by	  Gilbert	  and	  Bucknall[46].	  	  Tetrafunctional	  epoxy	  resins	  were	  blended	  with	  PEI	  toughening	  agents	  using	  DDS	  as	  a	  curing	  agent.	  By	  using	  SEM,	  spherical	  PEI	  domains	  in	  the	  epoxy	  at	  5	  phr	  were	  seen.	  	  These	  domains	  increase	  in	  size	  up	  to	  a	  concentration	  of	  20	  phr	  of	  PEI.	  At	  a	  concentration	  of	  30	  phr	  phase	  inversion	  and	  the	  PEI	  phase	  were	  effectively	  continuous	  through	  the	  system.	  The	  KIc	  of	  the	  PEI	  modified	  networks	  had	  an	  increase	  from	  0.48	  to	  1.53	  MPa-­‐m1/2	  as	  the	  PEI	  content	  was	  increased	  from	  0	  to	  30	  phr.	  The	  GIc	  also	  increased	  from	  0.055	  to	  0.530	  kJ-­‐m2	  with	  the	  increasing	  PEI	  content.	  Also	  seen	  was	  a	  minimal	  increase	  in	  the	  modulus	  when	  comparing	  it	  to	  the	  neat	  epoxy	  system.	  The	  possible	  mechanism	  for	  toughening	  was	  thought	  to	  be	  particle	  bridging	  with	  crack	  pinning	  as	  a	  minor	  toughening	  mechanism[46].	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  phase	  separation	  and	  fracture	  behavior	  of	  PEI-­‐modified	  networks	  were	  investigated	  by	  Murakami	  et	  al[47].	  In	  this	  study	  an	  increase	  in	  the	  KIc	  with	  a	  10	  phr	  PEI	  concentration	  was	  not	  seen.	  But	  when	  the	  PEI	  concentration	  was	  increased	  to	  	  20	  phr	  the	  KIc	  increased	  from	  0.8	  to	  1.9	  MPa-­‐m1/2.	  After	  adding	  30	  phr	  there	  was	  a	  slight	  drop	  in	  the	  KIc	  as	  the	  value	  went	  down	  to	  1.7	  MPa-­‐m1/2.	  This	  was	  thought	  to	  be	  attributed	  to	  the	  fact	  that	  as	  the	  concentrations	  increased	  to	  30	  phr	  	  a	  phase	  inversion	  took	  place	  and	  formed	  PEI	  –based	  materials.	  It	  was	  suggested	  that	  the	  main	  toughening	  mechanism	  in	  this	  system	  was	  particle	  bridging[47].	  	   Hourston	  et	  al[48]	  also	  looked	  at	  the	  addition	  of	  PEI	  to	  epoxy	  systems.	  The	  PEI	  used	  had	  a	  molecular	  weight	  of	  18,00	  g/mol.	  	  Findings	  were	  that	  the	  KIc	  and	  GIc	  values	  increased	  with	  increasing	  the	  content	  of	  PEI	  up	  to	  20	  phr.	  Also	  seen	  was	  that	  the	  epoxies	  composed	  of	  difunctional	  and	  trifunctional	  epoxies	  were	  more	  toughenable	  than	  those	  with	  tetrafunctional	  epoxy	  resins.	  Other	  groups	  have	  also	  done	  similar	  work	  and	  the	  results	  were	  in	  agreement	  with	  everyone	  that	  studied	  PEI	  toughened	  epoxies.	  Girard-­‐Reydet	  et	  al[49]	  also	  looked	  at	  PEI	  systems	  and	  found	  that	  The	  fracture	  toughness,	  KIc	  was	  significantly	  improved	  only	  when	  bicontinuous	  or	  inverted	  structures	  were	  generated,	  resulting	  from	  the	  plastic	  drawing	  of	  the	  thermoplastic-­‐rich	  phase[49].	  The	  thermoplastic-­‐rich	  particles	  constitute	  obstacles	  to	  the	  propagation	  of	  the	  crack	  and	  contribute	  to	  the	  toughening	  of	  the	  material,	  measured	  through	  impact	  resistance	  measurements.	  The	  observation	  of	  fracture	  surfaces	  showed	  that	  the	  occurrence	  of	  microcracking	  and	  crack-­‐pinning	  were	  the	  main	  mechanisms	  of	  toughening	  in	  PEI	  modified	  networks.	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  The	  work	  also	  showed	  through	  strain	  recovery	  experiments	  that	  particle	  induced	  shear	  yielding	  of	  the	  matrix	  was	  present	  as	  well[49].	  The	  network	  morphology	  is	  extremely	  important	  in	  thermoplastic	  modified	  epoxy	  systems.	  In	  rubber	  modified	  epoxy	  networks	  the	  optimal	  rubber	  content	  was	  determined	  to	  be	  at	  lower	  levels	  with	  content	  from	  5	  to	  15	  phr[50,	  51].	  The	  sizes	  of	  rubber	  inclusions	  are	  fairly	  small	  in	  the	  range	  of	  0.5-­‐2.5μm.	  However	  when	  thermoplastics	  are	  used	  as	  inclusions,	  much	  higher	  contents	  (20to	  30	  phr)	  are	  needed	  to	  achieve	  the	  optimum	  mechanical	  properties	  from	  the	  creation	  of	  the	  co-­‐continuous	  morphology	  [46-­‐48,	  52].	  Pearson	  and	  Yee[53]	  showed	  that	  the	  toughness	  of	  PPO-­‐modified	  epoxies	  increases	  almost	  linearly	  with	  PPO	  content.	  The	  results	  of	  this	  work	  was	  surprising	  since	  the	  morphology	  of	  the	  systems	  undergo	  a	  dramatic	  change	  from	  a	  particulate	  morphology	  to	  one	  that	  consits	  of	  co-­‐continuous	  domains[53].	  Bucknall	  and	  Gilbert	  also	  noticed	  the	  importance	  of	  the	  morphology	  in	  thermoplastic	  testing[54].	  This	  work	  proved	  that	  the	  technique	  of	  thermoplastic	  modification	  offers	  two	  advantages	  over	  more	  conventional	  rubber-­‐toughening	  processes:	  it	  operates	  in	  thermosetting	  resins	  that	  are	  too	  tightly	  cross-­‐linked	  to	  absorb	  significant	  amounts	  of	  energy	  by	  yielding;	  and	  it	  avoids	  the	  loss	  of	  modulus	  that	  is	  a	  necessary	  consequence	  of	  adding	  rubber	  particles[54].	  	  Also	  noted	  was	  that	  the	  key	  to	  toughness	  in	  resin-­‐plastic	  blends	  appears	  to	  be	  good	  phase	  separation.	  These	  results	  were	  in	  contrast	  to	  the	  work	  of	  Bucknall	  and	  Partridge	  and	  their	  work	  with	  PES	  when	  it	  was	  found	  that	  PES	  did	  not	  separate	  as	  a	  discrete	  phase	  during	  curing,	  and	  did	  not	  significantly	  increase	  KIc	  of	  the	  resin[44].	  From	  this	  work	  the	  Scanning	  Electron	  Microscopy	  shows	  clear	  evidence	  of	  ductile	  tearing	  in	  the	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  thermoplastic	  phase,	  and	  it	  must	  therefore	  be	  concluded	  that	  most	  of	  the	  energy	  absorption	  occurs	  in	  the	  modifier.	  According	  to	  this	  view,	  the	  first	  stage	  of	  fracture	  is	  brittle	  failure	  of	  the	  continuous	  resin	  phase,	  leaving	  the	  more	  ductile	  PEI	  bridging	  the	  gap.	  The	  fracture	  surface	  provides	  clear	  evidence	  that	  crack	  advance	  is	  delayed	  by	  the	  PEI	  domains[54].	  Min	  et	  al	  studied	  Polysulfone	  (PSF)	  toughened	  epoxy	  networks.	  This	  work	  found	  that	  fracture	  toughness	  was	  improved	  as	  the	  microstructures	  in	  the	  systems	  changed	  from	  the	  particulate	  architecture	  to	  the	  phase	  inverted	  structure[55].	  	   The	  ductility	  of	  the	  epoxy	  resin	  has	  been	  shown	  to	  be	  important	  in	  rubber	  toughening	  of	  epoxy	  networks.	  It	  is	  generally	  accepted	  that	  the	  more	  ductile	  the	  network	  the	  more	  it	  can	  be	  toughened	  through	  the	  use	  of	  rubber	  inclusions.	  For	  rubber	  toughening	  increasing	  the	  number	  of	  crosslinks	  in	  the	  network	  decreases	  the	  degree	  to	  which	  it	  can	  be	  toughened.	  This	  can	  be	  a	  problem,	  especially	  in	  systems	  with	  a	  high	  crosslink	  density.	  However	  when	  toughening	  with	  thermoplastic	  materials	  this	  trend	  has	  been	  shown	  to	  be	  opposite	  of	  that	  seen	  in	  rubber	  toughened	  systems.	  Epoxy	  systems	  with	  high	  crosslink	  densities	  appear	  to	  toughen	  more	  effectively	  than	  those	  with	  lower	  crosslink	  densities.	  This	  is	  shown	  by	  Murakami	  et	  al[47]	  This	  research	  compared	  the	  toughening	  ability	  of	  rubber	  and	  PEI	  modified	  epoxy	  systems.	  The	  results	  found	  that	  the	  rubber-­‐modified	  systems	  had	  toughness	  improvement	  increasing	  with	  decreasing	  crosslink	  density,	  while	  the	  thermoplastic	  modified	  (PEI)	  system	  showed	  an	  increase	  in	  toughening	  with	  an	  increase	  in	  crosslink	  density.	  Depending	  on	  the	  type	  of	  resin,	  the	  toughening	  agent	  should	  be	  chosen	  to	  get	  the	  most	  toughening.	  While	  epoxies	  like	  DGEBA	  can	  be	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  with	  thermoplastics,	  rubbers	  work	  extremely	  well	  for	  their	  toughening.	  Higher	  crosslinking	  epoxies	  like	  TGAP	  and	  TGDDM	  are	  more	  toughenable	  by	  thermoplastic	  (PEI,	  PES)	  modification.	  Overall	  several	  parameters	  influence	  toughening	  and	  each	  system	  responds	  differently	  to	  the	  type	  of	  toughening	  employed.	  
2.3.6	  INORGANIC	  PARTICLES	  FOR	  EPOXY	  TOUGHENING	  A	  second	  phase	  material	  such	  as	  the	  incorporation	  of	  dispersed	  rubber	  or	  an	  engineering	  thermoplastic	  polymer	  into	  the	  epoxy	  polymer	  can	  increase	  the	  toughness	  of	  the	  epoxy	  system.	  However	  these	  systems	  are	  usually	  on	  the	  order	  of	  micrometers	  in	  particle	  diameter	  and	  incorporated	  at	  concentrations	  ranging	  from	  5	  to	  3-­‐	  phr	  depending	  on	  material.	  However	  these	  inclusions	  do	  have	  some	  drawbacks.	  The	  presence	  of	  a	  rubbery	  phase	  in	  the	  epoxy	  typically	  increases	  the	  viscosity	  of	  the	  epoxy	  monomer	  mixture	  and	  reduces	  the	  modulus	  of	  the	  cured	  epoxy	  polymer[56].	  	   Because	  of	  some	  of	  the	  limitations	  caused	  by	  the	  organic	  modifiers,	  inorganic	  particles	  have	  been	  introduced	  into	  epoxy	  systems	  as	  toughening	  agents.	  These	  particles	  have	  been	  shown	  that	  they	  can	  increase	  the	  toughness	  without	  affecting	  the	  glass	  transition	  temperature	  or	  the	  epoxy	  polymer.	  Inorganic	  glass	  particles	  have	  been	  studied	  as	  toughening	  agents	  for	  epoxy	  resins.	  Spanoudakis	  and	  Young[57]	  studied	  epoxy	  resins	  reinforced	  with	  spherical	  glass	  particles.	  These	  studies	  used	  an	  epoxy	  resin	  (Epikote	  828)	  and	  tetraethylene	  pentamine	  (TEPA)	  as	  the	  curing	  agent.	  The	  spherical	  glass	  particles	  used	  in	  the	  study	  had	  sizes	  of	  4.5,	  16,	  32,	  67,	  and	  62	  μm.	  The	  results	  showed	  that	  the	  modulus	  had	  a	  decreasing	  trend	  with	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  the	  increasing	  particle	  diameter.	  An	  observation	  was	  that	  the	  particles	  in	  the	  epoxy	  have	  crack-­‐front	  pinning	  as	  the	  main	  toughening	  mechanism.	  Further	  toughening	  was	  found	  to	  have	  taken	  place	  through	  crack	  blunting	  but	  the	  effectiveness	  of	  pinning	  may	  be	  reduced	  by	  the	  breakdown	  of	  the	  particle/matrix	  interface[57].	  	  Nakamura	  and	  Yamaguchi	  investigated	  the	  effect	  of	  particle	  size	  on	  the	  fracture	  toughness	  of	  epoxy	  resin	  filled	  with	  spherical	  silica[58].	  This	  study,	  	  used	  five	  kinds	  of	  spherical	  silica	  particles	  though	  the	  hydrolysis	  of	  silicon	  tetrachloride	  having	  different	  mean	  sizes,	  ranging	  from	  6	  to	  42	  μm.	  The	  critical	  stress	  intensity	  factor	  and	  the	  critical	  strain	  energy	  release	  rate	  of	  the	  cured	  epoxy	  filled	  with	  the	  silica	  particles	  increased	  with	  particle	  size.	  It	  was	  determined	  that	  the	  main	  crack	  propagation	  was	  hampered	  by	  large	  particles	  and	  a	  damage	  zone	  was	  formed	  at	  the	  main	  crack	  tip	  region	  in	  the	  large	  particle	  filled	  resin	  due	  to	  crack	  diversion	  and	  debonding	  of	  particle-­‐matrix	  interfaces[58].	  	  Nanoparticle	  modified	  epoxies	  have	  been	  shown	  not	  only	  to	  increase	  the	  toughness	  of	  epoxies,	  but	  they	  do	  not	  lead	  to	  a	  significant	  increase	  in	  the	  viscosity	  of	  the	  epoxy	  monomer	  because	  of	  their	  small	  size.	  Work	  has	  been	  done	  to	  investigate	  the	  fracture	  toughness	  of	  epoxy	  networks	  modified	  with	  silica	  nanoparticles,	  and	  to	  establish	  the	  relationships	  between	  the	  structures	  and	  properties[56].	  Johnsen	  et	  al[56]	  looked	  at	  an	  epoxy	  resin	  cured	  with	  an	  anhydride	  that	  was	  modified	  by	  the	  addition	  of	  silica	  nanoparticles,	  manufactured	  using	  a	  sol-­‐gel	  process[56].	  The	  particles	  were	  20	  nm	  in	  diameter	  and	  well	  dispersed	  through	  the	  epoxy	  matrix.	  The	  glass	  transition	  temperature	  of	  the	  modified	  matrix	  was	  the	  same	  as	  the	  unmodified	  matrix	  and	  was	  reported	  to	  be	  140	  ±	  4°C	  through	  DSC	  testing	  and	  Dynamic	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  analysis[56].	  It	  was	  found	  that	  the	  addition	  of	  the	  nanoparticles	  increased	  the	  modulus	  of	  the	  epoxy	  polymer.	  The	  fracture	  toughness	  of	  the	  neat	  epoxy	  system	  was	  measured	  and	  the	  KIc	  was	  reported	  as	  0.59	  MN	  m-­‐3/2	  while	  the	  modified	  epoxy	  system	  with	  the	  silica	  nanoparticles	  had	  a	  KIc	  of	  1.42	  MN	  m-­‐3/2	  .	  This	  value	  was	  obtained	  with	  the	  nanoparticle	  modified	  epoxy	  treated	  at	  13.4	  vol%.	  The	  unmodified	  system	  had	  fracture	  energy,	  GIc,	  of	  103	  J/m2	  and	  the	  modified	  system	  had	  a	  GIc,	  of	  460	  J/m2.	  This	  showed	  a	  significant	  toughening	  effect	  when	  the	  silica	  nanoparticles	  were	  introduced	  into	  the	  epoxy	  matrix[56].	  	  The	  increased	  toughness	  of	  the	  nanoparticle	  modified	  systems	  was	  most	  likely	  because	  of	  the	  debonding	  of	  the	  nanoparticles	  and	  subsequent	  plastic	  void	  growth[56].	  	   Zhao	  et	  al[59]	  looked	  at	  aluminum	  oxide	  (Al2O3)	  nanoparticles	  in	  a	  Bisphenol-­‐A	  epoxy	  resin	  (APTES)	  hardened	  with	  a	  modified	  dicarboxylic	  anhydride-­‐curing	  agent.	  The	  average	  particle	  size	  of	  the	  aluminum	  oxide	  particles	  was	  45	  nm.	  The	  alumina	  nanoparticles	  were	  treated	  in	  95%	  ethanol,	  sonicated	  and	  then	  treated	  with	  APETS	  and	  further	  sonicated.	  The	  mixture	  was	  then	  refluxed	  in	  an	  oil	  bath	  for	  3	  days,	  centrifuge	  washed,	  and	  then	  dried	  in	  a	  vacuum	  oven.	  The	  nanocomposite	  networks	  were	  made	  using	  5,	  10,	  15,	  and	  20	  phr	  nanoparticle	  concentrations.	  No	  change	  in	  the	  glass	  transition	  temperature	  between	  the	  modified	  and	  unmodified	  systems	  was	  seen.	  The	  best	  system	  was	  the	  system	  with	  10	  phr	  alumina	  in	  which	  they	  saw	  a	  39%	  increase	  in	  the	  strain-­‐to-­‐break	  while	  exhibiting	  an	  increase	  in	  the	  modulus	  and	  maintaining	  the	  strength.	  It	  was	  observed	  that	  the	  main	  toughening	  mechanisms	  included	  crack	  deflection,	  debonding	  and	  plastic	  deformation	  of	  the	  debonded	  matrix	  (plastic	  void	  growth).	  These	  mechanisms	  were	  seen	  in	  both	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  treated	  and	  untreated	  particles.	  Crack	  deflection	  and	  microcracking	  were	  only	  seen	  in	  the	  treated	  nanocomposites[59].	  	   Highly	  dispersed	  nanosilica-­‐epoxy	  resins	  were	  investigated	  by	  Chen	  et	  al[60].	  The	  epoxy	  resin	  used	  in	  the	  system	  was	  Epon	  862,	  a	  diglycidyl	  ether	  of	  bisphenol	  F	  epoxy	  cured	  with	  EpiCure-­‐W	  (diethyl	  diamino	  touluene).	  The	  nanoparticles	  used	  I	  nt	  this	  study	  were	  a	  30-­‐wt%	  suspension	  of	  SiO2	  in	  methyl	  ethyl	  ketone	  (MEK).	  The	  average	  particle	  diameter	  of	  the	  particles	  was	  12	  nm.	  The	  particles	  were	  evenly	  dispersed	  throughout	  the	  epoxy	  as	  shown	  by	  microscopy	  and	  scattering	  experiments.	  A	  30%	  enhancement	  in	  toughness	  was	  seen[60].	  Zhang	  et	  al[61]	  also	  studies	  the	  fracture	  behaviors	  of	  nanosilica	  filled	  bisphenol-­‐F	  epoxy	  resin.	  It	  was	  observed	  that	  the	  stiffness,	  strength,	  and	  toughness	  of	  the	  epoxies	  were	  all	  improved.	  Fracture	  toughness	  was	  improved	  much	  more	  than	  that	  of	  stiffness.	  The	  results	  also	  suggested	  that	  local	  plastic	  deformation	  likely	  played	  a	  key	  role	  in	  the	  toughening	  of	  the	  epoxy[61].	  	   Chen	  et	  al[62]	  looked	  at	  12nm	  (primary)	  and	  100	  nm	  (secondary)	  fumed	  silica	  particles	  in	  an	  Epon	  862	  (diglycidylbisphenol-­‐F)	  cured	  with	  EpiCure-­‐W	  (diethyl	  diamino	  touluene).	  The	  fracture	  toughness	  of	  the	  12-­‐nm	  silica	  composites	  increased	  by	  35%	  for	  the	  15	  wt%	  silica	  loading.	  The	  rate	  of	  increase	  of	  KIc	  was	  the	  highest	  at	  small	  weight	  fractions	  (1	  wt%).	  Examination	  of	  the	  fracture	  process	  zone	  showed	  significant	  matrix	  yielding	  at	  the	  largest	  particle	  weight	  fraction,	  and	  fracture	  surface	  roughening	  at	  all	  smaller	  weight	  fractions[62].	  For	  systems	  with	  silica	  up	  to	  5	  wt%	  the	  increase	  in	  the	  roughness	  of	  the	  fracture	  plane	  increased	  the	  
	  	   32	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  while	  matrix	  yielding	  was	  the	  dominant	  mechanism	  of	  toughening	  for	  15	  wt%	  silica	  loading[62].	  	   Liang	  and	  Pearson[63]	  looked	  at	  nanosilica	  particles	  with	  different	  average	  particle	  sizes	  of	  20	  and	  80	  nm	  in	  diameter.	  These	  particles	  were	  introduced	  into	  DGEBA/F	  and	  DGEBA	  epoxy	  resins.	  The	  systems	  were	  cured	  with	  piperidine.	  The	  addition	  of	  the	  nanosilica	  did	  not	  significantly	  affect	  the	  glass	  transition	  temperature	  of	  the	  epoxy	  systems.	  This	  indicates	  that	  the	  addition	  of	  the	  particles	  does	  not	  change	  the	  polymer	  chain	  mobility	  of	  the	  bulk	  materials	  for	  this	  DGEBA	  piperidine	  epoxy	  system.	  The	  researchers	  found	  that	  the	  compressive	  yield	  stress	  was	  independent	  of	  the	  nanosilica	  particle	  content.	  	  Also	  seen	  was	  that	  for	  the	  most	  part	  the	  compressive	  properties	  of	  the	  20nm	  diameter	  particle	  filled	  epoxies	  and	  the	  80	  nm	  diameter	  particle	  filled	  epoxies	  were	  nearly	  identical.	  Findings	  also	  showed	  that	  nanosilica	  particle	  size	  has	  a	  negligible	  effect	  on	  improving	  fracture	  toughness	  in	  epoxy	  networks	  within	  the	  range	  tested.	  This	  differs	  from	  studies	  that	  show	  size	  is	  an	  important	  factor	  in	  traditional	  micron	  size	  silica	  filled	  epoxies.	  Another	  result	  was	  that	  the	  fracture	  toughness	  of	  the	  modified	  networks	  increases	  with	  nanosilica	  particle	  volume	  fraction	  and	  has	  no	  peaks	  or	  plateau	  in	  fracture	  toughness	  (up	  to	  17.4	  vol%).	  Also	  noted	  was	  that	  the	  matrix	  crosslink	  density	  affects	  the	  ability	  of	  the	  epoxy	  to	  plastically	  deform	  and	  the	  high	  molecular	  weight	  between	  crosslinks	  is	  responsible	  for	  the	  high	  KIc	  values	  obtained	  in	  these	  experiments.	  The	  plastic	  deformation	  was	  noted	  to	  have	  played	  an	  essential	  role	  in	  the	  zone	  shielding	  mechanism,	  which	  was	  identified	  as	  the	  main	  mode	  of	  toughening	  for	  this	  system[63].	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  Research	  has	  also	  been	  done	  to	  look	  at	  the	  fracture	  toughness	  of	  Epoxy	  systems	  by	  using	  rubber	  particles	  together	  with	  silica	  nanoparticles.	  Tsai	  et	  al[64]	  investigated	  systems	  with	  two	  kinds	  of	  rubber	  particles,	  one	  is	  the	  reactive	  liquid	  rubber	  (CTBN)	  and	  the	  other	  is	  the	  core-­‐shell	  rubber	  (CSR).	  These	  materials	  were	  used	  with	  silica	  nanoparticles	  to	  investigate	  the	  effect	  of	  coupling	  both	  materials	  on	  the	  fracture	  toughness.	  Since	  adding	  rubber	  particles	  can	  be	  a	  disadvantage	  because	  of	  the	  dramtic	  reduction	  of	  stiffness	  it	  was	  thought	  that	  using	  a	  hybrid	  material	  a	  composite	  system	  could	  be	  made	  without	  sacrificing	  the	  stiffness.	  From	  these	  studies	  conclusions	  were	  made	  that	  the	  reduction	  of	  Young’s	  modulus	  in	  epoxy	  caused	  by	  the	  addition	  of	  CTBN	  and	  CSR	  rubbers	  can	  be	  moderated	  by	  the	  addition	  of	  nanosilica	  particles.	  It	  was	  seen	  that	  the	  hybrid	  system	  with	  CTBN	  and	  silica	  had	  higher	  fracture	  energy	  than	  those	  of	  just	  CTBN	  and	  unmodified	  epoxy.	  This	  however	  was	  not	  seen	  with	  both	  the	  silica	  and	  CSR	  modified	  systems[64].	  
2.3.7	  INTERPENETRATING	  POLYMER	  NETWORKS	  FOR	  EPOXY	  TOUGHENING	  	  	   Furthering	  the	  research	  of	  toughening	  from	  thermoplastic	  inclusions,	  interpenetrating	  polymer	  networks	  (IPNs)	  have	  been	  investigated	  as	  a	  new	  unique	  approach	  to	  toughen	  epoxy	  resins.	  	  An	  interpenetrating	  polymer	  network	  (IPNs)	  is	  a	  polymer	  composed	  of	  two	  or	  more	  networks	  that	  are	  interlaced	  on	  a	  polymer	  level	  scale	  but	  not	  covalently	  bonded	  to	  each	  other.	  The	  network	  is	  inseparable	  unless	  chemical	  bonds	  are	  broken.	  The	  networks	  that	  form	  the	  IPNs	  can	  be	  seen	  to	  be	  entangled	  in	  each	  other	  in	  such	  a	  way	  that	  they	  are	  concatenated	  and	  cannot	  be	  pulled	  apart,	  but	  not	  bonded	  to	  each	  other	  by	  any	  chemical	  bond[65].	  Semi-­‐IPN	  (semi-­‐interpenetrating	  polymer	  network)	  technology	  mixes	  two	  kinds	  of	  polymers	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  that	  have	  no	  chemical	  bond	  between	  them,	  and	  the	  semi-­‐IPN	  structure	  is	  the	  homogeneous	  mixture	  of	  the	  epoxy	  resin	  (matrix)	  and	  the	  thermoplastic	  material,	  or	  the	  thermoplastic	  material	  scattering	  among	  the	  epoxy	  resin	  particles	  when	  the	  incompatible	  polymers	  linkage[66].	  These	  methods	  are	  both	  effective	  for	  toughening	  and	  use	  only	  small	  amounts	  of	  thermoplastic	  material	  to	  modify	  epoxy	  resins.	  Early	  work	  was	  done	  by	  Scarito	  and	  Sperling[67]	  to	  look	  at	  IPNs	  prepared	  from	  Epon	  828	  epoxy	  resin	  and	  n-­‐butyl	  acrylate	  monomer.	  The	  research	  used	  glycidylmethacrylate	  as	  a	  grafting	  monomer,	  and	  found	  that	  the	  amount	  of	  grafting	  monomer	  caused	  changes	  in	  the	  morphology	  and	  mechanical	  behavior	  of	  the	  system[67].	  	   Tanaka	  et	  al[68]	  investigated	  the	  sythnesis	  and	  properties	  of	  IPNs	  composed	  of	  epoxy	  resins	  and	  polysulphones	  (PSF)	  with	  cross-­‐linkable	  pendant	  vinylbenzyl	  (VB)	  groups.	  Polysulphones	  with	  cross-­‐linkable	  pendant	  vinylbenzyl	  groups	  (PSFVB)	  were	  prepared	  via	  chloromethylation	  of	  commercial	  polysulphones.	  The	  curing	  reactivity	  of	  PSF-­‐VB	  was	  investigated	  by	  differential	  scanning	  calorimetry.	  Interpenetrating	  polymer	  networks	  (IPNs)	  were	  prepared	  based	  on	  bisphenol.	  A	  diglycidyl	  ether	  (DGEBA)	  and	  PSF-­‐VB,	  where	  DGEBA	  was	  cured	  by	  4,4’-­‐diaminodiphenyl	  sulphone	  and	  VB	  groups	  of	  PSF-­‐VB	  were	  radically	  polymerized	  using	  dicumyl	  peroxide	  (DCP).	  They	  also	  made	  polysulphones	  with	  pendant	  benzyl	  groups	  (PSF-­‐Bz)	  and	  used	  these	  as	  non	  reactive	  modifers[68].	  It	  was	  found	  from	  this	  work	  that	  PSF-­‐VB	  acts	  as	  a	  successful	  modifiying	  agent	  in	  the	  presence	  of	  DCP	  and	  the	  KIc	  for	  the	  resulting	  IPN	  increased	  65%	  with	  no	  losses	  in	  mechanical	  and	  thermal	  properties	  on	  a	  10	  wt%	  addition	  of	  the	  PSF-­‐VB.	  The	  results	  were	  that	  the	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  behavior	  and	  modification	  showed	  that	  both	  epoxy	  and	  PSF-­‐VB	  networks	  entangle	  fully	  in	  the	  presence	  of	  DCP.	  The	  difference	  between	  cured	  epoxy/PSF-­‐VB	  and	  epoxy/PSF-­‐Bz	  blends	  is	  that	  there	  was	  entanglement	  of	  the	  epoxy	  matrix	  and	  cross-­‐linked	  PSF[68].	  	   Mimura	  and	  Fujioka[69]	  made	  semi-­‐interpenetrating	  polymer	  networks	  (semi-­‐IPN)	  composed	  of	  the	  epoxy	  network	  and	  linear	  thermoplastic	  polymer.	  In	  this	  study	  a	  DGEBA	  epoxy	  resin	  was	  used	  with	  p-­‐xylyene	  phenol	  resin	  as	  the	  hardening	  agent	  and	  1-­‐isobutyl-­‐methylimidazol	  as	  an	  accelerator.	  The	  thermoplastic	  material	  used	  was	  created	  through	  the	  radical	  copolymerization	  of	  N-­‐phenylmaleimide	  (PMI),	  benzyl	  methacrylate	  (BzMA)	  and	  styrene	  (St)	  monomers.	  It	  was	  found	  that	  when	  24	  wt%	  of	  the	  PMI/BzMA/St	  monomers	  with	  a	  composition	  of	  5/5/3	  by	  the	  molar	  ratio	  was	  added	  to	  the	  epoxy/phenol	  resins	  the	  resin	  viscosity	  at	  mixing	  decreased	  to	  1/8	  of	  that	  of	  the	  unmodified	  resin[69].	  The	  glass	  transition	  temperature	  of	  the	  cured	  resin	  system	  increased	  about	  10°C	  compared	  to	  that	  of	  the	  unmodified	  epoxy.	  The	  fracture	  toughness	  also	  improved	  about	  2.5	  times	  that	  of	  the	  unmodified	  resin.	  Results	  from	  this	  study	  support	  the	  idea	  that	  semi-­‐IPNs	  can	  be	  used	  to	  modify	  epoxy	  to	  improve	  the	  thermal	  and	  mechanical	  properties	  of	  the	  resin[69].	  	   Chen	  et	  al[66]	  investigated	  PEL	  [copolymer	  of	  poly(propylene)	  oxide	  (PPO)	  and	  poly(ethylene	  oxide)	  (PEO)]	  for	  	  the	  toughening	  of	  epoxy	  resins	  with	  ionic	  charges	  	  to	  produce	  an	  interpenetrating	  action	  between	  the	  cross-­‐linking	  network	  structure	  of	  the	  epoxy	  resin	  and	  the	  PEL	  additive[66].	  Findings	  were	  that	  the	  compatibility	  between	  the	  epoxy	  and	  the	  PEL	  increases	  as	  the	  amount	  of	  PEL	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  increases.	  This	  is	  because	  the	  PEL	  has	  the	  Li+CLO-­‐4	  electronic	  charge,	  the	  epoxy	  resin	  and	  the	  PEL	  produce	  a	  graft	  phenomenon	  after	  the	  PEL	  is	  added	  to	  the	  cornate	  hardener	  to	  induce	  a	  better	  compatibility	  between	  the	  PEL	  and	  the	  epoxy	  resin.	  After	  the	  epoxy	  resin	  is	  modified	  by	  the	  PEL,	  the	  flexible	  chain	  interpenetrates	  in	  the	  rigid	  network	  to	  prevent	  cracks	  from	  developing.	  This	  helps	  to	  improve	  both	  the	  impact	  strength	  and	  fracture	  toughness.	  	  The	  impact	  strength	  and	  the	  KIC	  value	  reach	  the	  maximum	  value	  when	  30	  phr	  cornate	  is	  added	  because	  the	  interpenetrating	  of	  the	  appropriate	  bridging	  flexible	  chain	  network	  and	  rigid	  chain	  network	  have	  a	  better	  toughening	  effect.	  A	  30	  phr	  cornate	  level	  has	  the	  best	  effect	  among	  the	  three	  PEL-­‐cornate/Epoxy	  systems	  studied.	  This	  result	  is	  because	  the	  PEL	  bridging	  network	  and	  the	  epoxy	  resin	  network	  caused	  by	  the	  appropriate	  cornate	  can	  cause	  structural	  defects	  in	  each	  other	  during	  the	  destroying	  course	  and	  thus	  greatly	  improve	  the	  toughening	  effect[66].	  
2.4	  MD	  Simulations	  and	  Microvoid	  Formation	  and	  Toughening	  Effects	  in	  
Epoxy	  Networks	  	   Molecular	  dynamics	  (MD)	  Simulation	  is	  a	  simulation	  technique	  that	  deals	  with	  the	  motion	  of	  the	  particles	  and	  provides	  information	  about	  the	  statistical	  properties	  of	  the	  system.	  This	  method	  can	  be	  used	  to	  study	  many	  systems,	  including	  but	  not	  limited	  to,	  crystals,	  soft	  matter,	  and	  complex	  biological	  systems.	  In	  molecular	  dynamics,	  the	  classical	  equations	  of	  motion	  are	  integrated	  numerically	  by	  solving	  the	  differential	  equation:	   	   	   	   	   (3)	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  where	  mi	  is	  the	  mass	  of	  the	  particles,	  Ri,	  is	  their	  coordinates,	   	  is	  the	  vector	  differential	  operator,	  and	  V	  is	  the	  potential	  energy	  function[70].	  Resulting	  from	  this,	  the	  system	  follows	  a	  complete	  phase	  trajectory,	  and	  therefore	  time	  evolution	  of	  the	  system	  is	  clearly	  visible.	  There	  are	  many	  methods	  to	  solve	  the	  classical	  equations	  of	  motion.	  One	  method	  that	  is	  employed	  is	  by	  using	  the	  Verlet	  algorithm[71].	  Molecular	  Dynamics	  Simulation	  is	  a	  powerful	  since	  it	  can	  be	  used	  to	  provide	  equilibrium	  properties	  and	  to	  obtain	  information	  about	  the	  out-­‐of-­‐equilibrium	  processes.	  Molecular	  Dynamics	  Simulation	  has	  a	  similarity	  to	  physical	  laboratory	  experiments.	  	  Because	  of	  this	  similarity,	  it	  is	  also	  referred	  to	  as	  a	  computer	  
experiment	  or	  virtual	  experiment.	  One	  important	  advantage	  that	  Molecular	  Dynamics	  Simulation	  has	  over	  experimental	  techniques	  is	  that	  the	  trajectories	  of	  all	  particles	  involved	  in	  the	  experiment	  are	  always	  visible	  and	  that	  boundary	  conditions	  can	  be	  implemented	  such	  that	  one	  has	  the	  ability	  to	  gain	  deeper	  insight	  by	  choosing	  arbitrary	  interactions	  betweens	  the	  atoms.	  Some	  drawbacks	  to	  Molecular	  Dynamics	  Simulation	  include	  that	  the	  time	  scales	  are	  rather	  limited,	  the	  system	  sizes	  are	  small,	  and	  chemically	  accurate	  simulations	  are	  extremely	  CPU	  time	  expensive.	  	  Molecular	  Dynamics	  Simulation	  can	  be	  compared	  to	  a	  physical	  experiment	  and	  the	  following	  will	  help	  to	  draw	  a	  brief	  comparison:	  
Physical	  Laboratory	  Experiments	  	  
• Sample Preparation 
• Connecting the measuring devices 
• Measuring the properties of interest and averaging over a large number of data 
points 
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Molecular	  Dynamics	  Simulation	  
• Choosing a model that can mimic the system of interest 
• Solving the classical equation of motion and equilibrating the system 
• Measuring the properties of interest and averaging over a large number of 
realizations (i.e., by using a different initial configuration) 
A	  coarse-­‐grain	  simulation	  was	  used	  to	  examine	  Highly	  Cross-­‐linked	  Polymer	  systems.	  The	  system	  is	  composed	  of	  a	  95%	  cured	  HCP	  restrained	  between	  two	  crystalline	  surfaces.	  A	  simple	  coarse	  grained	  bead-­‐spring	  model	  is	  used[72].	  The	  model	  is	  made	  up	  of	  point-­‐mass	  beads	  that	  are	  connected	  to	  each	  other	  with	  massless	  springs.	  There	  have	  been	  efforts	  made	  to	  predict	  molecular	  level	  HCP	  structures	  using	  all-­‐atom	  simulations[73-­‐75].	  These	  studies	  only	  deal	  with	  the	  structure	  of	  HCP	  networks	  without	  explaining	  their	  fracture	  behavior,	  which	  most	  often	  requires	  a	  reactive	  force	  field.	  This	  is	  why	  fracture	  studies	  on	  HCP	  networks	  are	  done	  by	  using	  a	  coarse-­‐grained	  model[76-­‐80].	  Through	  the	  use	  of	  Molecular	  Dynamics	  Simulation,	  Mukherji	  and	  Abrams	  were	  able	  to	  show	  how	  microvoids	  form	  without	  bond	  breaking	  and	  constitute	  the	  microscopic	  origins	  of	  strain	  hardening[81].	  Two	  geometrically	  distinct	  HCP	  models	  were	  investigated	  in	  a	  series	  of	  simulations.	  One	  case	  had	  inter-­‐monomer	  bonding	  of	  an	  arbitrary	  arrangement	  (unconstrained	  system)	  and	  the	  second	  case	  a	  tetrahedral	  bonding	  (constrained	  system)	  is	  used[81].	  In	  the	  unconstrained	  case,	  a	  strain	  hardening	  was	  observed	  due	  to	  the	  creation	  and	  growth	  of	  microvoid	  formation.	  Microvoid	  formation	  was	  due	  to	  the	  random	  orientation	  of	  bonds.	  Strain	  hardening	  makes	  the	  unconstrained	  network	  more	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  ductile.	  The	  constrained	  case	  bond	  angles	  prevent	  microvoid	  formation	  and	  strain	  hardening[81].	  Strain	  hardening	  is	  a	  well-­‐known	  occurrence	  in	  thermoplastic	  materials,	  where	  by	  the	  work	  done	  in	  tensile	  deformation	  is	  in	  part	  dissipated	  and	  partially	  stored	  in	  conformational	  changes	  of	  the	  chains	  and	  by	  the	  creation	  of	  internal	  surface	  area.	  This	  is	  refereed	  to	  as	  crazing.	  Strain	  hardening	  of	  the	  HCP	  model	  can	  also	  be	  attributed	  to	  the	  formation	  of	  microvoids	  that	  are	  uniformly	  distributed	  throughout	  the	  network.	  During	  the	  creation	  of	  these	  voids,	  no	  bonds	  are	  being	  broken	  in	  the	  initial	  stages.	  Strain	  hardening	  is	  made	  possible	  by	  the	  presence	  of	  many	  small	  voids.	  Brittle	  fracture	  will	  occur	  if	  there	  was	  one	  dominant	  large	  void	  in	  the	  network[81].	  Figure	  1	  shows	  stress-­‐	  strain	  behavior	  from	  a	  neat	  HCP	  network	  simulations,	  and	  one	  with	  voids.	  	  	  
	  
Figure	  1.	  This	  plot	  shows	  simulations	  by	  Mukherji	  and	  Abrams	  showing	  the	  effect	  of	  voids	  on	  the	  stress-­‐strain	  behavior	  of	  a	  highly	  cross-­‐linked	  polymer	  network.	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  The	  main	  focus	  of	  the	  work	  done	  in	  this	  thesis	  is	  to	  show	  that	  by	  tweaking	  the	  microstrucutre	  of	  an	  epoxy	  network	  the	  formation	  and	  growth	  of	  voids	  give	  rise	  to	  improved	  toughness	  in	  a	  neat	  thermoset.	  As	  seen	  in	  the	  simulations	  there	  was	  no	  voids	  immediately	  after	  cure,	  the	  protovoid	  nucleation	  sites	  were	  already	  present	  due	  to	  orientation	  of	  bonds.	  The	  main	  advantage	  of	  voidbased	  toughening	  is	  that	  this	  method	  does	  not	  sacrifice	  tensile	  strength	  at	  the	  same	  time	  significantly	  improve	  strain-­‐to-­‐break	  the	  sample.	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3.	  EXPERIMENTAL	  
3.1	  THE	  EPOXY-­	  AMINE	  SYSTEM	  The	  epoxy	  resin	  that	  was	  used	  in	  this	  work	  is	  EPON-­‐828	  (Miller	  Stephenson).	  This	  resin	  is	  a	  clear	  undiluted	  difuncitonal	  resin.	  It	  is	  a	  diglycidyl	  ether	  of	  bisphenol	  A	  (DGEBA)	  synthesized	  from	  bisphenol	  A	  and	  epichlorohydrin.	  	  The	  reaction	  schematic	  is	  shown	  in	  Figure	  2.	  	  The	  viscosity	  of	  this	  resin	  at	  25°C	  is	  110-­‐150	  poise,	  and	  it	  has	  a	  density	  of	  1.16	  g/ml.	  This	  is	  a	  standard	  resin	  used	  in	  many	  areas,	  and	  has	  been	  used	  extensively	  by	  Palmese	  et	  al.	  in	  the	  Polymers	  and	  Composite	  Laboratory	  for	  many	  different	  studies.	  	  	  
	  
Figure	  2.	  The	  synthesis	  of	  diglycidyl	  ether	  of	  bisphenol	  A,	  DGEBA,	  is	  shown	  here.	  The	  product	  of	  the	  reaction	  shown	  is	  also	  known	  as	  the	  Shell	  Epon-­‐828	  epoxy	  resin.	  n=0.13	  
	   A	  variety	  of	  cross-­‐linking	  agents	  can	  be	  used	  depending	  on	  the	  properties	  desired	  in	  the	  finished	  product.	  For	  this	  project	  a	  typical	  amine-­‐curing	  agent	  was	  used.	  The	  curing	  agent	  used	  is	  Air	  Product’s	  Amicure	  PACM-­‐20.	  PACM-­‐20,	  a	  Bis	  (p-­‐aminocyclohexyl)	  methane.	  This	  amine-­‐curing	  agent	  is	  a	  high	  purity	  cycloaliphatic	  diamine.	  	  It	  is	  synthesized	  though	  the	  catalytic	  hydrogenation	  on	  methylene	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  (MDA).	  This	  hardener	  is	  often	  used	  in	  pigments,	  films,	  urethane	  coatings,	  and	  as	  epoxy	  curatives.	  	  PACM-­‐20	  flows	  freely	  at	  room	  temperature	  and	  has	  a	  density	  of	  0.96	  g/ml	  at	  20°C.	  The	  chemical	  structure	  for	  PACM-­‐20	  is	  shown	  in	  Figure	  3.	   	  	  
Figure	  3.	  The	  chemical	  structure	  of	  Air	  Products’	  PACM-­‐20	  or	  4,4’	  Diamino	  dicyclohexyl	  methane.	  	   The	  Epon-­‐828	  and	  PACM-­‐20	  was	  mixed	  at	  the	  stoichimetric	  ratio	  of	  epoxy	  to	  amine.	  This	  ratio	  is	  100:28	  of	  Epon-­‐828	  to	  PACM-­‐20	  by	  weight.	  For	  every	  sample	  created	  in	  this	  study,	  the	  basic	  starting	  epoxy-­‐amine	  system	  was	  the	  same.	  The	  glass	  transition	  temperature	  of	  this	  system	  is	  reported	  to	  be	  160°C.	  	  
3.2	  REACTIVE	  ENCAPSULATION	  OF	  SOLVENT	  (RES)	  To	  create	  an	  epoxy	  system	  with	  a	  modified	  network	  architecture	  the	  Reactive	  Encapsulation	  of	  Solvent	  (RES)	  technique	  will	  be	  employed.	  This	  process	  was	  developed	  though	  the	  Ph.D.	  work	  of	  Vijay	  Raman	  in	  creating	  nanoporous	  epoxy	  networks.	  The	  general	  idea	  behind	  this	  process	  is	  to	  create	  a	  polymer	  network	  in	  the	  presence	  of	  a	  solvent	  without	  micro/macroscopic	  phase	  separation	  though	  a	  cross-­‐linking	  step	  growth	  polymerization.	  If	  the	  monomers	  are	  able	  to	  cross-­‐link	  then	  mesh	  surfaces	  will	  be	  formed.	  The	  length	  of	  the	  chain	  between	  the	  cross-­‐links	  characterizes	  these	  surfaces/meshes.	  In	  an	  ideal	  step	  growth	  polymerizing	  system	  the	  monomers	  would	  be	  joined	  together	  to	  form	  the	  2-­‐D	  surfaces/meshes,	  then	  the	  meshes	  would	  be	  linked	  together	  forming	  a	  3-­‐D	  cross-­‐linked	  structure.	  When	  the	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  polymerization	  is	  carried	  out	  in	  the	  presence	  of	  a	  good	  solvent,	  the	  polymer	  network	  that	  is	  forming	  and	  grown	  would	  encapsulate	  the	  solvent,	  and	  a	  volume	  equal	  to	  that	  of	  the	  physical	  solvent	  volume	  will	  be	  created	  in	  the	  polymer	  network.	  Based	  on	  the	  design	  of	  nonporous	  materials	  from	  Raman’s	  work,	  this	  method	  is	  used	  at	  lower	  concentrations	  to	  design	  a	  polymer	  network	  with	  areas	  designed	  for	  micro	  void	  formation	  where	  the	  solvent	  created	  pores[82].	  	  The	  solvent	  selection	  is	  critical	  for	  this	  to	  work.	  The	  solvent	  has	  to	  be	  miscible	  with	  the	  monomers	  and	  polymer	  network	  and	  it	  must	  be	  chemically	  inert	  with	  the	  system	  during	  polymerization.	  	  Tetrahydrofuran	  was	  selected	  as	  an	  appropriate	  solvent	  for	  RES	  by	  an	  investigation	  of	  various	  solvents	  in	  the	  work	  of	  Raman[82].	  This	  solvent	  is	  one	  of	  the	  ideal	  solvents	  for	  the	  RES	  technique	  with	  epoxies.	  	  THF	  does	  not	  show	  any	  evidence	  of	  micro/macroscopic	  phase	  separation	  during	  the	  polymerization.	  In	  addition,	  THF	  does	  not	  react	  with	  epoxy	  or	  amine	  functional	  groups	  for	  the	  conditions	  contemplated	  and	  thus	  remains	  chemically	  inert	  during	  the	  epoxy-­‐amine	  step-­‐growth	  polymerization[82].	  The	  structure	  of	  THF	  is	  shown	  in	  Figure	  4.	  
	  
Figure	  4.	  Tetrahydrofuran	  (THF)	  will	  be	  the	  solvent	  used	  for	  the	  RES	  Polymerization.	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3.3	  NETWORK	  FORMATION	  AND	  SOLVENT	  EXTRACTION	  To	  experimentally	  investigate	  the	  micro	  void	  based	  toughening	  of	  a	  neat	  thermoset	  theoretically	  reported	  by	  Mukherji	  and	  Abrams[1]	  ,	  we	  use	  an	  amine	  cured	  epoxy	  network	  and	  make	  voids	  by	  including	  a	  non-­‐reactive	  solvent	  through	  the	  Reactive	  encapsulation	  of	  solvent	  (RES)	  technique	  discussed	  in	  section	  3.2.	  	  The	  thermoset	  network	  is	  prepared	  from	  a	  solution	  of	  Epon-­‐828	  (Diglycidal	  ether	  of	  bisphenol	  A)	  and	  a	  curing	  agent,	  Air	  Products’	  PACM-­‐20	  (4-­‐4’	  Methylenebiscyclohexenamine).	  The	  Epon-­‐828	  and	  PACM-­‐20	  components	  were	  combined	  at	  the	  stoichiometric	  ratio	  of	  100:28.	  This	  ratio	  is	  a	  weight	  ratio	  of	  grams	  of	  Epon-­‐828	  to	  grams	  of	  PACM-­‐20.	  In	  order	  to	  create	  proto-­‐voids	  the	  non-­‐reactive	  solvent,	  tetrahydrofuran	  (THF)	  is	  also	  added	  to	  the	  mixture.	  This	  was	  done	  by	  adding	  the	  solvent	  based	  on	  weight	  ratios	  of	  solvent	  to	  the	  combined	  epoxy	  and	  amine	  system.	  The	  solvent	  was	  added	  at	  5%,	  10%	  and	  15%	  mass	  fractions	  to	  the	  combined	  Epon-­‐828/PACM-­‐20	  system.	  	  The	  system	  was	  then	  well	  mixed	  in	  a	  centrifugal	  mixer	  at	  2000	  RPM,	  which	  ensured	  that	  the	  mixture	  is	  well	  degassed.	  This	  helped	  to	  minimize	  bubble	  formation	  throughout	  the	  curing	  process.	  	  The	  solution	  must	  be	  well	  mixed	  to	  ensure	  that	  all	  material	  is	  evenly	  distributed	  throughout	  the	  sample.	  In	  order	  to	  make	  sure	  the	  solvent	  remains	  in	  the	  sample	  during	  cure,	  and	  that	  we	  know	  the	  amount	  of	  solvent	  present	  during	  cure,	  the	  epoxy	  must	  be	  cured	  in	  a	  sealed	  environment.	  To	  ensure	  solvent	  remained	  in	  the	  system,	  thoroughly	  mixed	  solution	  was	  then	  placed	  in	  a	  sealed	  mold.	  The	  mold	  was	  sealed	  with	  vacuum	  bagging	  and	  tacky	  tape	  such	  that	  no	  air	  or	  space	  exists	  between	  the	  solution	  and	  seal	  to	  eliminate	  solvent	  evaporation	  during	  cure.	  The	  system	  was	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  a	  time	  period	  of	  four	  hours	  at	  80°C	  and	  then	  at	  120°C	  for	  an	  additional	  four	  hours.	  To	  ensure	  that	  the	  network	  formation	  is	  complete,	  Fourier	  Transform	  Infrared	  Spectroscopy	  is	  used.	  A	  scan	  was	  done	  on	  the	  material	  before	  cure.	  Then	  a	  scan	  was	  taken	  on	  the	  material	  after	  cure.	  The	  epoxy,	  primary	  amine,	  and	  secondary	  amine	  peaks	  were	  monitored.	  The	  peaks	  for	  the	  epoxy,	  and	  amines	  should	  decrease	  during	  cure.	  After	  complete	  cure	  these	  peaks	  should	  disappear	  since	  all	  epoxy	  and	  amine	  should	  be	  completely	  reacted.	  	  After	  ensuring	  the	  network	  has	  completely	  formed,	  the	  solvent	  must	  be	  completely	  removed	  from	  the	  network.	  Originally	  when	  RES	  was	  used	  the	  solvent	  was	  removed	  through	  super	  critical	  drying.	  This	  process	  removes	  all	  of	  the	  solvent,	  but	  freezes	  the	  pores	  in	  place.	  For	  this	  work	  we	  want	  the	  pores	  to	  collapse	  and	  create	  areas	  where	  protovoids	  can	  nucleate	  and	  grow	  upon	  a	  tensile	  deformation.	  The	  voids	  that	  were	  discussed	  in	  the	  work	  of	  Mukherji	  and	  Abrams	  were	  not	  initially	  present	  after	  cure.	  These	  voids	  formed	  during	  a	  tensile	  deformation	  of	  the	  network	  from	  protovoid	  nucleation	  sites.	  These	  sites	  were	  created	  by	  a	  modified	  network	  architecture	  (the	  unconstrained	  system	  as	  opposed	  to	  the	  constrained	  system),	  and	  were	  shown	  to	  dissipate	  energy	  and	  create	  a	  more	  ductile	  system	  through	  large-­‐scale	  molecular	  dynamic	  simulations[1].	  	  The	  solvent	  was	  driven	  out	  of	  the	  cured	  network	  though	  vacuum	  drying	  by	  the	  use	  of	  a	  vacuum	  oven.	  First	  the	  mass	  of	  the	  polymer	  created	  was	  recorded	  directly	  after	  cure.	  Then	  the	  network	  was	  placed	  in	  the	  vacuum	  oven	  at	  120°C	  under	  vacuum	  at	  -­‐30	  mm	  of	  Hg	  for	  one	  day.	  Then	  it	  was	  removed	  from	  the	  oven	  and	  the	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  The	  sample	  should	  have	  a	  decrease	  in	  mass	  as	  the	  solvent	  is	  extracted.	  Then	  the	  temperature	  of	  the	  oven	  was	  increased	  to	  130°C	  and	  the	  sample	  was	  placed	  back	  in	  the	  oven	  under	  vacuum	  at	  -­‐30	  mm	  of	  Hg	  for	  another	  day.	  The	  process	  of	  weighing	  the	  sample	  and	  increasing	  the	  temperature	  was	  repeated	  for	  five	  days.	  When	  the	  temperature	  reached160°C,	  the	  sample	  was	  kept	  in	  the	  oven	  under	  vacuum	  at	  -­‐30	  mm	  of	  Hg	  for	  two	  additional	  days	  to	  make	  sure	  that	  the	  drying	  process	  is	  completed.	  Each	  day	  the	  mass	  was	  recorded	  for	  each	  polymer	  sample.	  After	  the	  drying	  process	  the	  mass	  loss	  should	  be	  equivalent	  to	  the	  amount	  of	  solvent	  initially	  placed	  in	  the	  system.	  The	  glass	  transition	  temperature	  was	  recorded	  each	  day	  for	  the	  5	  %	  sample	  to	  show	  that	  the	  glass	  transition	  temperature	  increases	  as	  the	  solvent	  is	  removed.	  The	  DSC	  test	  specimens	  were	  prepared	  by	  taking	  a	  small	  cross-­‐sectional	  cut	  of	  polymer	  each	  day	  during	  the	  drying	  process.	  The	  mass	  of	  this	  sample	  was	  taken	  into	  account	  for	  subsequent	  mass	  loss	  calculations.	  The	  DSC	  sample	  was	  then	  cut	  and	  placed	  in	  a	  sealed	  tzero	  ®	  hermetic	  pan	  for	  analysis.	  The	  glass	  transition	  temperatures	  were	  measured	  using	  a	  TA	  Instruments	  Q2000	  DSC.	  The	  sealed	  hermetic	  pans	  were	  used	  to	  minimize	  the	  possible	  solvent	  removal	  during	  the	  DSC	  tests.	  While	  most	  of	  the	  solvent	  was	  removed	  when	  following	  these	  steps	  for	  the	  5%	  solvent	  included	  sample,	  the	  higher	  percent	  samples	  were	  given	  a	  few	  extra	  days	  at	  160°C	  in	  the	  oven	  under	  vacuum	  at	  -­‐30	  mm	  of	  Hg.	  These	  extra	  days	  are	  shown	  as	  day	  six	  and	  day	  seven	  in	  the	  data.	  This	  ensured	  that	  as	  much	  solvent	  as	  possible	  would	  be	  removed.	  	  While	  most	  of	  the	  solvent	  was	  removed	  a	  very	  small	  amount	  was	  still	  left	  in	  the	  samples.	  This	  remaining	  solvent	  is	  not	  thought	  to	  be	  significant,	  but	  could	  be	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  as	  a	  potential	  factor	  influencing	  material	  properties.	  This	  amount	  was	  on	  average	  less	  than	  0.0191%.	  To	  show	  that	  the	  remaining	  solvent	  did	  not	  influence	  any	  of	  the	  results	  in	  this	  work	  0.0191%	  THF	  was	  placed	  in	  the	  neat	  samples	  during	  cure.	  Employing	  a	  micropipette	  to	  add	  the	  solvent	  allowed	  for	  proper	  control	  during	  the	  addition	  of	  such	  small	  amounts	  of	  solvent.	  	  Any	  samples	  in	  this	  work	  that	  are	  said	  to	  have	  0%	  THF	  (neat	  epoxies)	  actually	  have	  0.0191%	  THF	  by	  weight.	  	  	  
3.4	  CHARACTERIZATION	  AND	  TESTING	  After	  the	  material	  was	  determined	  to	  have	  all	  of	  the	  solvent	  removed,	  the	  glass	  transition	  temperature	  was	  measured.	  The	  glass	  transition	  temperature,	  Tg,	  was	  first	  measured	  using	  Dynamic	  Scanning	  Calorimetery	  on	  a	  TA	  Instruments	  Q2000	  DSC.	  This	  was	  done	  to	  verify	  that	  the	  Tg	  was	  in	  the	  appropriate	  range.	  The	  Tg	  was	  also	  measured	  using	  dual	  cantilever	  Dynamic	  Mechanical	  Analysis	  temperature	  sweep	  on	  a	  TA	  instruments	  Q80	  DMA.	  	  	   One	  of	  the	  first	  tests	  preformed	  on	  the	  samples	  was	  a	  compression	  test.	  This	  test	  was	  preformed	  on	  an	  Instron	  Model	  8872	  servohydraulic	  testing	  apparatus.	  Data	  was	  collected	  during	  the	  testing	  by	  the	  computer	  software	  package	  Merlin.	  The	  samples	  were	  cut	  and	  sanded	  into	  cubes.	  The	  average	  length	  of	  the	  side	  of	  the	  cubes	  is	  6mm.	  The	  cubes	  were	  then	  lightly	  covered	  with	  oil	  on	  all	  surfaces	  and	  placed	  between	  the	  compression	  plates.	  The	  rate	  at	  which	  the	  samples	  were	  compressed	  at	  was	  the	  lenth/1000	  mm	  per	  second.	  All	  tests	  were	  preformed	  at	  ambient	  conditions.	  From	  this	  testing,	  the	  compressive	  stress	  was	  plotted	  as	  a	  function	  of	  the	  compressive	  strain	  for	  each	  sample.	  The	  compressive	  modulus	  and	  compressive	  strength	  was	  measured	  and	  averaged	  over	  several	  tests	  of	  each	  type	  of	  sample.	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  From	  this	  data	  the	  amount	  of	  plastic	  deformation	  was	  also	  calculated.	  The	  plastic	  deformation	  region	  was	  determined	  by	  finding	  the	  inflection	  point	  at	  where	  the	  plastic	  deformation	  began,	  and	  the	  inflection	  point	  where	  the	  strain	  hardening	  began.	  The	  difference	  in	  the	  strain	  at	  each	  point	  was	  reported	  as	  the	  region	  of	  plastic	  deformation.	  	  	   Fracture	  Toughness	  testing	  was	  preformed	  by	  using	  compact	  tension	  (CT)	  testing	  on	  an	  Instron	  Model	  8872	  Servohydraulic	  testing	  apparatus	  according	  to	  the	  ASTM	  D	  5045	  test	  method.	  Data	  was	  collected	  during	  the	  testing	  by	  the	  computer	  software	  package	  Merlin.	  Specimen	  geometry	  consists	  of	  a	  single-­‐edge	  notched	  plate	  loaded	  in	  tension.	  Specimens	  were	  casted	  in	  a	  sealed	  bar	  mold,	  and	  then	  had	  solvent	  extracted	  as	  described	  previously.	  The	  bars	  were	  then	  milled	  to	  ensure	  that	  all	  of	  the	  surfaces	  are	  flat	  and	  even.	  This	  is	  done	  using	  a	  Bridgeport	  mill	  using	  a	  flywheel	  to	  cut	  the	  sample.	  The	  desired	  dimensions	  for	  compact	  tension	  specimen	  were:	  6x14x15	  mm.	  Thus	  samples	  were	  then	  cut	  into	  the	  desired	  geometry.	  First	  the	  specimen	  pieces	  scribed	  out	  with	  a	  1/16”	  scriber	  bit.	  Cuts	  were	  made	  in	  the	  samples	  half	  of	  the	  way	  though	  the	  samples	  and	  cut	  in	  incremental	  steps	  to	  get	  the	  desired	  piece	  length.	  This	  allows	  for	  five	  to	  six	  samples	  from	  one	  polymer	  bar.	  Then	  with	  a	  #60	  drill	  bit	  then	  center	  of	  each	  specimen	  was	  drilled.	  This	  hole	  was	  used	  to	  determine	  where	  to	  cut	  the	  notch	  for	  the	  compact	  tension	  specimen.	  Next	  the	  dowel	  pinholes	  are	  made	  using	  a	  #30	  drill	  bit.	  Then	  a	  1/32”	  scriber	  bit	  is	  used	  to	  scribe	  out	  the	  slit	  for	  the	  compact	  tension	  crack	  area.	  A	  control	  specimen	  is	  made	  for	  each	  type	  of	  sample.	  The	  control	  specimen	  has	  the	  same	  dimensions	  as	  the	  compact	  tension	  specimen	  except	  it	  does	  not	  have	  the	  crack,	  and	  only	  has	  the	  dowel	  pinholes.	  After	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  the	  sample	  pieces	  were	  cut	  they	  are	  then	  sanded	  and	  polished	  so	  that	  all	  of	  the	  surfaces	  were	  even	  and	  smooth.	  This	  step	  was	  crucial	  to	  make	  sure	  that	  all	  the	  test	  samples	  were	  uniform	  and	  passed	  smoothly	  through	  the	  testing	  apparatus	  when	  they	  were	  tested.	  The	  geometry	  of	  the	  samples	  and	  the	  aspect	  ratio’s	  of	  the	  key	  features	  on	  the	  pieces	  are	  shown	  in	  Figure	  5.	  	  
	  
Figure	  5.	  Schematic	  diagram	  of	  the	  compact	  tension	  test	  specimen.	  The	  dimensions	  of	  a	  sample	  are	  typically	  as	  followed:	  L=15	  mm,	  w=11	  mm,	  a=4.75	  mm,	  p=3.26	  mm.	  	  The	  test	  was	  conducted	  at	  a	  testing	  speed	  of	  0.100	  mm/minute,	  and	  set	  such	  that	  the	  test	  would	  conclude	  when	  the	  load	  drops	  by	  40%.	  A	  threshold	  of	  3.00N	  was	  also	  used.	  The	  software	  recorded	  all	  data,	  and	  after	  each	  test	  the	  data	  was	  saved	  and	  exported	  for	  later	  analysis.	  	  	   After	  fracture	  toughness	  testing	  Scanning	  Electron	  Microscopy	  (SEM)	  was	  conducted	  to	  view	  voids	  created	  through	  sample	  deformation.	  The	  instrument	  used	  was	  an	  Environmental	  SEM	  (FEI	  XL30)	  with	  EDS	  and	  EBSD.	  This	  instruments	  includes	  a	  Schottky	  Field	  Emission	  Electron	  Gun,	  Everhart-­‐Thornley	  and	  In-­‐Lens	  Secondary	  and	  solid	  State	  Backscatter	  Imaging	  Detectors,	  and	  Simultaneous	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  acquisition	  of	  EDS,	  SE,	  BSD,	  and	  specimen	  current	  signals.	  	  Based	  on	  simulation	  results	  voids	  should	  be	  present	  after	  the	  sample	  is	  fractured[1].	  	  The	  surfaces	  of	  the	  samples	  were	  looked	  at	  to	  find	  voids.	  	  To	  do	  this	  the	  samples	  were	  sputter	  coated	  with	  Pd/Pt	  at	  40mA	  for	  30	  seconds.	  First	  the	  surface	  of	  the	  fractured	  sample	  was	  looked	  at	  50x	  magnification.	  The	  surface	  of	  the	  void	  modified	  samples	  was	  compared	  to	  the	  fracture	  surface	  of	  the	  neat	  epoxy.	  Then	  various	  features	  were	  magnified.	  Typical	  magnifications	  were	  100x,	  500x,	  1500x,	  2000x,	  and	  10,000x.	  Several	  different	  areas	  on	  each	  sample	  were	  examined.	  	  	   All	  of	  the	  samples	  underwent	  a	  solvent	  swelling	  study.	  Pieces	  of	  the	  polymers	  were	  swelled	  with	  Tetrahydrofuran	  (THF)	  in	  sealed	  in	  twenty	  milliliter	  vials.	  The	  polymer	  pieces	  were	  weighed	  before	  being	  placed	  in	  the	  THF.	  The	  sealed	  vials	  were	  then	  placed	  in	  an	  oven	  at	  60°C.	  Each	  piece	  of	  polymer	  was	  re-­‐weighed	  each	  day.	  The	  polymer	  swelled	  until	  it	  stopped	  gaining	  mass.	  After	  three	  days	  showing	  no	  change	  in	  mass,	  equilibrium	  swelling	  was	  assumed	  and	  the	  results	  were	  analyzed	  to	  determine	  equilibrium	  swelling	  values.	  	   Density	  measurements	  were	  also	  preformed	  on	  the	  samples.	  	  This	  was	  done	  using	  solutions	  of	  calcium	  chloride.	  The	  solutions	  were	  mixed	  to	  have	  different	  densities.	  Glass	  calibration	  density	  beads	  were	  used	  to	  determine	  the	  densities	  of	  the	  solutions.	  These	  beads	  were	  calibrated	  to	  four	  decimal	  places.	  The	  more	  dense	  calcium	  chloride	  solution	  was	  combined	  with	  water	  to	  form	  a	  density	  gradient	  in	  a	  standard	  density	  gradient	  column.	  The	  calibration	  beads	  were	  then	  placed	  in	  the	  column	  along	  with	  pieces	  of	  the	  polymers	  to	  be	  tested.	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4.	  EXPERIMENTAL	  RESULTS	  AND	  DISCUSSION	  
4.1	  SOLVENT	  EXTRACTION	  	  The	  first	  successful	  results	  for	  solvent	  extraction	  were	  for	  a	  polymer	  that	  was	  created	  with	  5%	  solvent.	  This	  sample	  was	  made	  to	  test	  the	  drying	  process	  discussed	  in	  section	  3.3,	  and	  to	  determine	  if	  the	  proposed	  drying	  process	  would	  be	  successful	  for	  removing	  the	  solvent	  from	  the	  cured	  sample.	  The	  data	  obtained	  in	  this	  study	  was	  the	  solvent	  removal	  data	  based	  on	  the	  changes	  in	  mass	  of	  the	  sample	  during	  drying.	  In	  addition	  the	  glass	  transition	  temperature	  was	  measured	  for	  this	  sample	  through	  the	  use	  of	  DSC.	  The	  glass	  transition	  temperature	  was	  recorded	  for	  each	  day	  of	  drying	  for	  this	  sample.	  The	  results	  for	  this	  study	  are	  shown	  in	  Figure	  6.	  	  
	  
Figure	  6.	  A	  plot	  of	  solvent	  loss	  and	  glass	  transition	  temperature	  as	  a	  function	  of	  days	  is	  shown	  here	  for	  a	  polymer	  sample	  originally	  containing	  5%	  Tetrahydrofuran	  (THF).	  As	  the	  solvent	  is	  removed	  the	  glass	  transition	  temperature	  increases.	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  This	  first	  result	  showed	  that	  the	  method	  of	  drying	  removes	  solvent.	  This	  sample	  had	  98.55%	  of	  the	  solvent	  removed.	  The	  final	  Tg	  for	  this	  sample	  was	  158°C	  which	  is	  just	  slightly	  below	  that	  of	  a	  neat	  epoxy.	  The	  amount	  of	  solvent	  removed	  in	  this	  sample	  was	  slightly	  lower	  than	  in	  the	  rest	  of	  the	  samples	  in	  this	  study	  since	  the	  other	  samples	  were	  given	  an	  additional	  two	  days	  of	  drying.	  The	  final	  two	  days	  of	  drying	  seem	  important	  to	  ensure	  that	  the	  solvent	  will	  be	  removed.	  	   The	  next	  set	  of	  data	  shown	  is	  the	  solvent	  extraction	  data	  for	  three	  replicates	  of	  the	  samples	  created	  with	  5%	  included	  solvent.	  This	  data	  is	  shown	  in	  Figure	  7.	  
	  
Figure	  7.	  A	  graphical	  representation	  of	  the	  solvent	  extraction	  data	  for	  three	  replicates	  of	  polymer	  samples	  created	  with	  5%	  included	  solvent.	  The	  three	  samples	  followed	  the	  same	  trend.	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  From	  the	  data	  shown	  in	  figure	  7,	  it	  can	  be	  concluded	  that	  the	  samples	  with	  5%	  solvent	  included	  dry	  uniformly	  during	  our	  drying	  process.	  	  The	  average	  amount	  of	  solvent	  removed	  for	  the	  5%	  samples	  is	  99.959%	  	   The	  next	  set	  of	  polymer	  samples	  that	  were	  created	  were	  polymers	  with	  10%	  solvent.	  These	  samples	  were	  also	  shown	  to	  dry	  during	  our	  drying	  protocol	  the	  data	  for	  the	  polymer	  samples	  created	  with	  10%	  included	  solvent	  is	  shown	  in	  Figure	  8.	  
	  
Figure	  8.	  A	  plot	  of	  solvent	  loss	  as	  a	  function	  of	  days	  is	  shown	  here	  for	  two	  polymer	  samples	  originally	  containing	  10%	  Tetrahydrofuran	  (THF).	  The	  two	  samples	  followed	  the	  same	  trend.	  	  The	  data	  for	  the	  polymers	  created	  with	  10%	  solvent	  also	  show	  uniform	  drying.	  Both	  samples	  show	  the	  same	  trend	  in	  drying.	  The	  average	  amount	  of	  solvent	  remover	  for	  these	  samples	  is	  99.987%.	  	   The	  last	  type	  of	  polymer	  samples	  created	  for	  this	  study	  were	  polymer	  samples	  made	  with	  15%	  solvent.	  These	  polymer	  samples	  are	  also	  shown	  to	  dry	  well	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  using	  our	  drying	  protocol.	  The	  data	  for	  solvent	  extraction	  of	  the	  samples	  with	  15%	  solvent	  is	  shown	  in	  Figure	  9.	  
	  
Figure	  9.	  A	  plot	  of	  solvent	  loss	  as	  a	  function	  of	  days	  is	  shown	  here	  for	  two	  polymer	  samples	  originally	  containing	  15%	  Tetrahydrofuran	  (THF).	  The	  two	  samples	  followed	  the	  same	  trend.	  The	  data	  for	  the	  polymers	  created	  with	  15%	  solvent	  also	  show	  uniform	  drying.	  Both	  samples	  show	  the	  same	  trend	  in	  drying.	  The	  average	  amount	  of	  solvent	  remover	  for	  these	  samples	  is	  99.996%.	  From	  the	  data	  obtained	  during	  the	  5%,	  10%,	  and	  15%	  THF	  solvent	  removal	  we	  determined	  that	  the	  average	  amount	  of	  solvent	  removed	  was	  99.9809%.	  This	  means	  that	  on	  average	  0.0191%	  of	  solvent	  is	  left	  in	  the	  samples.	  In	  order	  to	  account	  for	  this	  small	  amount	  of	  remaining	  solvent	  our	  0%	  THF	  control	  samples	  were	  prepared	  using	  0.0191%	  THF.	  These	  samples	  were	  then	  dried	  in	  the	  same	  way	  as	  the	  5%,	  10%	  and	  15%	  THF	  added	  polymer	  samples.	  This	  was	  done	  to	  show	  that	  the	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  0.0191%	  of	  solvent	  left	  in	  all	  of	  the	  materials	  did	  not	  influence	  material	  properties	  measurably.	  These	  samples	  were	  then	  dried	  in	  the	  same	  way	  as	  the	  5%,	  10%	  and	  15%	  THF	  added	  polymer	  samples.	  The	  results	  indicate	  that	  that	  small	  amount	  of	  solvent	  was	  not	  removed.	  	  The	  solvent	  extraction	  data	  for	  all	  of	  solvent	  concentrations	  are	  shown	  in	  Figure	  10.	  
	  
Figure	  10.	  A	  graphical	  representation	  of	  the	  solvent	  extraction	  data	  for	  the	  polymer	  samples	  containing	  0%,	  5%,	  10%,	  and	  15%	  included	  solvent.	  	  	  It	  can	  be	  seen	  that	  after	  7	  days	  almost	  all	  the	  solvent	  was	  removed	  leaving	  the	  possibility	  that	  we	  have	  created	  polymer	  samples	  with	  homogeneously	  distributed	  proto-­‐voids.	  The	  rest	  of	  the	  work	  being	  reported	  in	  this	  study	  will	  show	  that	  in	  fact	  the	  RES	  technique	  coupled	  with	  this	  drying	  process	  created	  epoxy	  networks	  with	  proto-­‐voids	  that	  contribute	  to	  improved	  toughening.	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4.2	  FOURIER	  TRANSFORM	  INFRARED	  SPECTROSCOPY	  	  To	  ensure	  complete	  cure	  in	  the	  polymer	  samples	  Near-­‐FTIR	  was	  used	  to	  monitor	  the	  epoxide	  and	  amine	  functional	  groups.	  IR	  Spectra	  were	  taken	  for	  the	  uncured	  system,	  the	  system	  directly	  after	  cure,	  and	  after	  each	  sample	  was	  dried.	  Each	  figure	  shows	  the	  pre-­‐cure,	  post-­‐cure,	  and	  Post	  Drying	  spectra	  from	  the	  IR	  analysis	  for	  each	  sample	  in	  this	  study.	  
	  
Figure	  11.	  The	  Near-­‐IR	  Spectra	  for	  the	  system	  with	  0%	  initial	  solvent	  inclusions.	  	  The	  network	  is	  fully	  cured	  as	  seen	  from	  the	  disappearance	  of	  the	  epoxy	  peak	  at	  4530cm−1,	  the	  primary	  amine	  peak	  at	  4930cm−1	  and	  secondary	  amine	  peak	  at	  6510cm−1.	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Figure	  12.	  The	  Near-­‐IR	  Spectra	  for	  the	  system	  with	  5%	  initial	  solvent	  inclusions.	  	  The	  network	  is	  fully	  cured	  as	  seen	  from	  the	  disappearance	  of	  the	  epoxy	  peak	  at	  4530cm−1,	  the	  primary	  amine	  peak	  at	  4930cm−1	  and	  secondary	  amine	  peak	  at	  6510cm−1.	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Figure	  13.	  The	  Near-­‐IR	  Spectra	  for	  the	  system	  with	  10%	  initial	  solvent	  inclusions.	  	  The	  network	  is	  fully	  cured	  as	  seen	  from	  the	  disappearance	  of	  the	  epoxy	  peak	  at	  4530cm−1,	  the	  primary	  amine	  peak	  at	  4930cm−1	  and	  secondary	  amine	  peak	  at	  6510cm−1.	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Figure	  14.	  The	  Near-­‐IR	  Spectra	  for	  the	  system	  with	  15%	  initial	  solvent	  inclusions.	  	  The	  network	  is	  fully	  cured	  as	  seen	  from	  the	  disappearance	  of	  the	  epoxy	  peak	  at	  4530cm−1,	  the	  primary	  amine	  peak	  at	  4930cm−1	  and	  secondary	  amine	  peak	  at	  6510cm−1.	  	   The	  polymer	  systems	  were	  shown	  to	  be	  fully	  cured	  through	  FTIR	  analysis	  after	  the	  fabrication	  process	  was	  completed.	  The	  fact	  that	  the	  epoxy	  (4530cm−1),	  primary	  amine	  (4930cm−1)	  and	  secondary	  amine	  (6510cm−1)	  peaks	  disappear,	  indicate	  that	  the	  cure	  has	  taken	  place.	  If	  solvent	  had	  interacted	  with	  the	  network,	  or	  if	  the	  stoichiometric	  ratio	  was	  not	  used	  the	  epoxy	  and/or	  amine	  peaks	  would	  have	  still	  been	  present	  indicating	  remaining	  epoxy	  resin	  or	  amine	  hardener.	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4.3	  DIFFERENTIAL	  SCANNING	  CALORIMETRY	  AND	  DYNAMIC	  
MECHANICAL	  ANALYSIS	  	  	   The	  glass	  transition	  temperature	  of	  all	  polymer	  samples	  was	  taken	  before	  and	  after	  the	  solvent	  extraction	  process	  using	  differential	  scanning	  calorimetery	  (DSC).	  The	  Tg	  of	  the	  dried	  sample	  was	  higher	  than	  the	  glass	  transition	  temperatures	  of	  the	  samples	  with	  included	  solvent.	  The	  experimental	  data	  for	  the	  glass	  transition	  temperatures	  is	  shown	  in	  the	  following	  table.	  	  	  	  	  
Table	  1.Glass	  transition	  temperatures	  of	  the	  polymer	  samples	  before	  and	  after	  solvent	  extraction	  determined	  by	  Differential	  Scanning	  Calorimetery	  (DSC).	  	   	  Dynamic	  Mechanical	  Analysis	  (DMA)	  was	  also	  done	  on	  the	  samples	  after	  solvent	  was	  extracted.	  Figure	  15	  shows	  the	  Storage	  Modulus	  and	  Loss	  Modulus	  as	  a	  function	  of	  temperature	  for	  the	  0,	  5,	  10,	  and	  15%	  initial	  solvent	  included	  polymer	  samples.	  This	  DMA	  data	  is	  from	  a	  temperature	  sweep	  from	  room	  temperature	  to	  220°C.	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Figure	  15.	  The	  Storage	  Modulus	  and	  the	  Loss	  Modulus	  for	  the	  polymer	  sample	  created	  in	  this	  study.	  The	  glass	  transition	  temperature	  determined	  from	  the	  Loss	  Modulus	  peak.	  	  The	  glass	  transition	  temperature	  for	  the	  sample	  created	  with	  0%	  THF	  was	  determined	  to	  be	  163°C	  from	  the	  peak	  of	  the	  loss	  modulus	  cure.	  The	  glass	  transition	  temperature	  for	  the	  sample	  created	  with	  5%	  THF	  was	  determined	  to	  be	  160°C	  from	  the	  peak	  of	  the	  loss	  modulus	  DMA	  curve.	  The	  glass	  transition	  temperature	  for	  the	  sample	  created	  with	  10%	  THF	  was	  determined	  to	  be	  157°C	  from	  the	  peak	  of	  the	  loss	  modulus	  curve.	  The	  Tg	  for	  the	  sample	  created	  with	  15%	  THF	  was	  found	  to	  be	  159°C	  from	  the	  peak	  of	  the	  loss	  modulus	  curve.	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   In	  addition	  to	  this	  a	  DMA	  analysis	  was	  done	  to	  show	  the	  behavior	  of	  the	  polymers	  from	  -­‐140°	  to	  220°C.	  From	  this	  data	  the	  beta	  transition	  can	  also	  be	  seen	  in	  addition	  to	  the	  alpha	  transition.	  This	  data	  is	  given	  in	  Figure	  16.	  
	  
Figure	  16.	  The	  Storage	  Modulus	  and	  the	  Loss	  Modulus	  for	  the	  polymer	  sample	  created	  in	  this	  study.	  The	  first	  peak	  of	  the	  loss	  modulus	  is	  the	  beta	  transition,	  and	  the	  second	  peak	  is	  the	  alpha	  transition.	  	  	  	   In	  addition	  to	  the	  glass	  transition	  temperature,	  the	  modulus	  of	  the	  material	  at	  ambient	  temperatures,	  and	  the	  rubbery	  modulus	  at	  210°C	  were	  obtained	  for	  each	  of	  the	  network	  polymers.	  This	  data	  is	  shown	  in	  Table	  2.	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Table	   2.	   The	   glass	   transition	   temperature,	   modulus	   and	   rubbery	   modulus	   data	   determined	   from	  Dynamic	  Mechanical	  Analysis	  (DMA).	  	  	   The	  Tg	  of	  the	  polymers	  was	  tested	  both	  with	  DSC	  and	  DMA.	  The	  values	  for	  the	  glass	  transition	  temperatures	  are	  shown	  to	  be	  about	  the	  same	  for	  all	  of	  the	  networks.	  This	  shows	  that	  the	  modified	  networks	  do	  not	  have	  a	  significant	  decrease	  in	  the	  glass	  transition	  temperature.	  	  This	  is	  important	  to	  note	  since	  many	  toughening	  techniques	  that	  involve	  particle	  addition	  or	  modification	  of	  the	  network	  usually	  result	  in	  a	  decrease	  of	  the	  Tg.	  	  
4.4	  POLYMER	  SWELLING	  STUDY	  DATA	  	   After	  the	  solvent	  was	  completely	  extracted	  pieces	  of	  the	  dried	  polymer	  samples	  were	  swelled	  with	  tetrahydrofuran	  (THF).	  This	  was	  done	  to	  see	  how	  much	  the	  polymer	  samples	  would	  swell	  and	  if	  the	  samples	  that	  had	  solvent	  extracted	  would	  swell	  more	  than	  the	  sample	  made	  with	  0%	  THF.	  Data	  from	  the	  swelling	  study	  is	  shown	  here	  in	  Table	  3.	  	  	  	  	  
Table	  3.	  Swelling	  Data	  for	  the	  polymer	  samples.	  The	  samples	  that	  had	  solvent	  removed	  swelled	  more	  than	  the	  sample	  without	  any	  removed	  solvent.	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  The	  sample	  without	  any	  added	  THF	  swelled	  40%	  when	  placed	  in	  THF.	  This	  sample	  swelled	  the	  amount	  that	  it	  was	  expected	  to	  in	  the	  THF.	  The	  samples	  that	  had	  THF	  removed	  swelled	  more	  than	  the	  0%	  sample.	  The	  sample	  with	  5%	  THF	  removed	  swelled	  45%	  which	  was	  5%	  more	  than	  the	  sample	  without	  any	  THF.	  The	  sample	  with	  10%	  THF	  removed	  swelled	  47%	  which	  was	  7%	  more	  than	  the	  0%	  sample.	  The	  sample	  with	  15%	  THF	  removed	  swelled	  the	  most	  at	  53%.	  This	  was	  13%	  more	  than	  the	  0%	  THF	  polymer	  sample.	  The	  samples	  with	  the	  THF	  removed	  swelled	  more	  than	  those	  without	  any	  THF	  removed.	  This	  is	  most	  likely	  due	  to	  the	  modified	  network	  architecture.	  The	  modified	  network	  connectivity	  allows	  for	  greater	  solvent	  encapsulation	  capacity.	  The	  increase	  in	  the	  amount	  of	  swelling	  corresponds	  roughly	  to	  the	  amount	  of	  solvent	  used	  to	  synthesize	  the	  polymers	  and	  that	  is	  subsequently	  removed.	  	  This	  is	  expected	  since	  the	  solvent	  that	  was	  included	  in	  the	  polymer	  during	  cure.	  The	  polymer	  network	  grows	  around	  the	  solvent	  making	  a	  pore.	  When	  the	  polymer	  is	  dried	  these	  pores	  collapse,	  but	  have	  the	  ability	  to	  reopen	  and	  fill	  with	  solvent	  when	  placed	  in	  THF.	  	  This	  is	  the	  same	  volume	  that	  could	  be	  accessed	  to	  form	  voids	  under	  deformation	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4.5	  FRACTURE	  TOUGHNESS	  	   Fracture	  toughness	  was	  measures	  for	  all	  of	  the	  polymer	  systems	  using	  the	  compact	  tension	  test	  geometry	  described	  earlier.	  	  Figure	  17	  shows	  the	  KIC	  values	  for	  the	  0%,	  5%,	  10%,	  and	  15%	  solvent	  removed	  polymer	  samples.	  Figure	  18	  shows	  the	  GIC	  values	  for	  the	  0%,	  5%,	  10%,	  and	  15%	  solvent	  removed	  polymer	  samples.	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Figure	  17.	  A	  histogram	  of	  fracture	  toughness	  data	  k1c	  as	  a	  function	  of	  concentration	  of	  solvent	  used	  during	  cure	  is	  shown	  here.	  Error	  bars	  are	  standard	  deviations	  calculated	  from	  five	  independent	  data	  sets.	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  Figure	  18.	  Listed	  here	  is	  a	  figure	  showing	  the	  GIC	  values	  as	  a	  function	  of	  the	  solvent	  used	  during	  cure.	  	  
	  	  	  	  	  
Table	  4.	  Data	  from	  the	  fracture	  toughness	  testing	  is	  shown	  here.	  The	  E,	  KIC,	  GiC,	  values	  are	  shown	  for	  each	  polymer	  sample	  created	  and	  tested.	  	  KIC	  	  and	  GIC	  	  data	  are	  given	  in	  Table	  4.	  The	  fracture	  toughness	  KIC	  values	  increased	  from	  1.27	  MPa	  m1/2	  to	  4.63	  MPa	  m1/2	  for	  the	  sample	  that	  had	  15%	  THF	  removed.	  The	  GIC	  also	  follows	  the	  same	  trend.	  This	  suggests	  that	  the	  performance	  of	  thermosetting	  matrices	  can	  be	  improved	  by	  modifying	  network	  connectivity	  to	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  include	  regions	  susceptible	  to	  the	  formation	  of	  voids.	  This	  toughness	  improvement	  is	  impressive	  as	  it	  is	  obtained	  without	  any	  loss	  of	  Tg	  or	  E	  .	  
4.6	  COMPRESSION	  TESTING	  	   A	  compression	  test	  was	  preformed	  on	  all	  network	  polymers	  synthesized.	  Figure	  19	  shows	  representative	  stress-­‐strain	  curves	  for	  each	  type	  of	  material	  tested.	  	  These	  curves	  all	  show	  an	  initial	  elastic	  region,	  followed	  by	  a	  region	  of	  plastic	  deformation	  and	  then	  a	  strain-­‐hardening	  regime.	  The	  transition	  from	  elastic	  to	  plastic	  is	  used	  to	  obtain	  the	  compressive	  strength	  and	  the	  subsequent	  transition	  to	  strain	  hardening	  is	  used	  to	  define	  the	  region	  of	  plastic	  deformation..	  The	  initial	  elastic	  portion	  of	  the	  stress-­‐strain	  curves	  was	  used	  to	  obtain	  compressive	  modulus.	  .	  The	  size	  of	  the	  plastic	  deformation	  region	  is	  reported	  in	  compressive	  strain	  These	  data	  are	  given	  in	  Table	  5.	  	  	  
	  
Table	  5.	  Data	  from	  compression	  testing	  is	  shown	  here.	  The	  data	  in	  the	  table	  is	  the	  Compressive	  Strength,	  Compressive	  Modulus,	  and	  the	  plastic	  deformation	  region.	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Figure	  19.	  Compressive	  stress	  as	  a	  function	  of	  compressive	  strain	  is	  shown	  here	  for	  all	  of	  the	  polymer	  samples.	  	  	   The	  compressive	  strength	  was	  found	  to	  decrease	  with	  the	  incorporation	  of	  solvent.	  	  However,	  the	  compressive	  modulus	  of	  the	  polymers	  remained	  relatively	  constant	  with	  increasing	  solvent	  content	  used	  in	  the	  synthesis.	  It	  was	  shown	  	  by	  MD	  simulations	  that	  larger	  the	  concentration	  of	  spatially	  distributed	  voids	  tougher	  the	  material[1]..	  Figure	  20	  indicates	  that	  the	  plastic	  deformation	  zone,	  as	  we	  have	  defined,	  it	  shows	  a	  clear	  increase	  in	  size	  with	  increasing	  use	  of	  solvent.	  	  It	  is	  argued	  that	  this	  behavior	  could	  be	  a	  result	  of	  a	  greater	  number	  of	  	  built-­‐in	  defects	  (protovoids)	  allowing	  for	  increased	  network	  deformation.	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Figure	  20.	  The	  regions	  of	  plastic	  deformation	  from	  the	  compression	  data	  as	  a	  function	  of	  solvent	  used	  and	  removed	  is	  shown	  here.	  	  It	  is	  also	  important	  to	  note	  that	  the	  behavior	  of	  the	  sample	  was	  different	  between	  the	  0%	  and	  15%	  sample.	  When	  the	  failure	  point	  was	  reached	  for	  the	  0%	  samples	  the	  sample	  was	  crushed	  and	  completely	  fractured.	  When	  the	  failure	  point	  was	  reached	  for	  the	  sample	  with	  15%	  it	  was	  flattened	  with	  more	  plastic	  deformation	  and	  did	  not	  show	  the	  same	  fractures.	  This	  behavior	  was	  shown	  to	  a	  lesser	  extent	  in	  the	  5%	  and	  10%	  samples.	  To	  illustrate	  the	  difference	  Figures	  21	  and	  22	  are	  	  given	  which	  show	  stress-­‐strain	  curves	  	  with	  images	  of	  the	  test	  cubes	  as	  they	  appear	  during	  testing	  	  for	  the	  0%	  and	  15%	  samples	  respectively.	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Figure	  21.	  The	  regions	  of	  the	  stress	  strain	  curve	  are	  shown	  with	  an	  image	  of	  the	  specimen	  at	  that	  particular	  point	  on	  the	  stress	  strain	  curve	  for	  the	  0%	  solvent	  removed	  sample.	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Figure	  22.	  The	  regions	  of	  the	  stress	  strain	  curve	  are	  shown	  with	  an	  image	  of	  the	  specimen	  at	  that	  particular	  point	  on	  the	  stress	  strain	  curve	  for	  the	  15%	  solvent	  removed	  sample.	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4.7	  FRACTURE	  SURFACE	  IMAGES	  	   The	  fracture	  surfaces	  of	  each	  specimen	  looked	  different	  after	  the	  compact	  tension	  test.	  	  The	  zero	  percent	  sample	  showed	  normal	  behavior	  and	  had	  a	  relatively	  clear	  smooth	  fracture	  surface.	  However,	  as	  the	  initial	  solvent	  content	  used	  to	  make	  the	  polymers	  increased	  the	  surfaces	  became	  rougher.	  This	  can	  be	  clearly	  seen	  in	  the	  15%	  solvent	  inclusion	  sample	  (Figure	  23)	  in	  which	  the	  fracture	  surface	  has	  many	  grooves	  and	  much	  more	  texture.	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Figure	  23.	  The	  fracture	  surfaces	  of	  the	  polymers	  from	  the	  compact	  tension	  testing.	  From	  left	  to	  right	  the	  samples	  are	  0%,	  5%,	  10%	  and	  15%.	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  Optical	  microscopy	  was	  used	  to	  further	  show	  the	  differences	  in	  the	  fracture	  surfaces	  of	  the	  samples.	  	  Figure	  24	  shows	  representative	  optical	  micrographs	  of	  the	  fracture	  surfaces.	  .	  The	  0%	  sample	  showed	  the	  typical	  clean	  smooth	  fracture	  surface	  that	  is	  typical	  of	  epoxy	  networks.	  	  	  The	  more	  pronounced	  surface	  features	  and	  roughness	  are	  apparent	  for	  materials	  synthesized	  with	  increasing	  solvent	  content.
	  
Figure	  24.	  Optical	  microscopy	  images	  of	  the	  fracture	  surfaces	  at	  10X	  magnification	  for	  the	  polymer	  networks	  created	  with	  0%,	  5%,	  10%	  and	  15%	  initial	  solvent	  inclusions.	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   SEM	  of	  the	  fracture	  surfaces	  were	  also	  performed.	  	  This	  was	  done	  for	  CT	  fracture	  surfaces	  tested	  at	  ambient	  conditions	  as	  well	  as	  for	  freeze-­‐fractured	  surfaces.	  The	  freeze-­‐fracture	  surface	  was	  made	  by	  breaking	  the	  cooled	  to	  liquid	  nitrogen	  temperature.	  Figures	  25	  and	  26	  show	  representative	  images	  of	  surfaces	  at	  three	  magnifications	  of	  all	  polymers	  investigated	  for	  freeze-­‐fractures	  and	  ambient	  fracture	  experiments	  respectively.	  	  The	  freeze-­‐fractured	  morphologies	  are	  similar	  for	  all	  materials	  and	  do	  not	  show	  specific	  features.	  	  On	  the	  other	  hand	  the	  fracture	  surfaces	  for	  the	  CT	  samples	  tested	  at	  ambient	  temperature	  show	  differences	  in	  morphology.	  	  In	  particular	  while	  the	  fracture	  surface	  of	  0%	  THF	  system	  resembles	  those	  of	  all	  the	  freeze-­‐fractured	  materials	  voids	  are	  a	  clear	  part	  of	  the	  polymers	  prepared	  using	  5%,	  10%,	  and	  15%	  solvent.	  It	  is	  clear	  that	  these	  voids	  were	  not	  pre-­‐existing	  and	  that	  their	  occurrence	  is	  a	  result	  of	  fracture	  behavior	  being	  affected	  by	  the	  use	  of	  solvent	  to	  create	  the	  epoxy	  networks.	  It	  is	  interesting	  to	  point	  out	  that	  the	  voids	  are	  of	  varying	  sizes	  as	  predicted	  by	  the	  previous	  simulation	  work[1].	  The	  SEM	  images	  are	  shown	  for	  both	  types	  of	  fractures	  in	  figures	  25	  and	  26.	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Figure	  25.	  SEM	  Images	  of	  the	  freeze	  fracture	  surfaces	  at	  500X,	  10,000X,	  and	  25,000X	  magnification.	  No	  voids	  are	  evident	  in	  these	  samples.	  	  	  
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! ""#$$$$$$$$$$$$$$$$$$$$$$$$$%"&"""#$$$$$$$$$$$$$$$$$$$$$$$$$$'!&"""#$
"(!! !!
!(! ! !
$
%"($ $
$
%!($ $
$
$
$
	  	   75	  	  	  	  	  	  
	  
Figure	  26.	  SEM	  Images	  of	  the	  fracture	  surfaces	  at	  500X,	  10,000X,	  and	  25,000X	  magnification.	  	  In	  addition	  to	  the	  rougher	  fracture	  surfaces,	  voids	  can	  be	  seen	  at	  higher	  magnifications.	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   It	  is	  important	  to	  note	  that	  the	  freeze-­‐fracture	  images	  all	  show	  a	  typical	  epoxy	  fracture	  surface.	  Voids	  are	  not	  present	  in	  any	  of	  these	  samples.	  The	  fracture	  surfaces	  from	  the	  compact	  tension	  testing	  show	  a	  larger	  amount	  of	  deformation	  that	  helps	  to	  dissipate	  energy.	  In	  addition	  on	  higher	  magnification	  voids	  are	  visible.	  It	  is	  proposed	  that	  the	  increase	  in	  fracture	  toughness	  if	  from	  the	  voids	  that	  are	  produced	  from	  the	  network	  modification	  provided	  by	  the	  fabrication	  of	  these	  networks	  with	  solvent	  inclusion	  and	  extraction.	  	  
4.8	  DENSITY	  MEASUREMENT	  	  	   Lastly,	  the	  density	  of	  the	  polymer	  networks	  was	  measured	  using	  of	  a	  density	  gradient	  column.	  The	  density	  of	  materials	  prepared	  were	  practically	  the	  same	  or	  all	  material	  systems.	  	  This	  further	  supports	  the	  contention	  that	  the	  voids	  observed	  in	  the	  SEM	  analysis	  do	  not	  exist	  prior	  to	  fracture.	  	  	  	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Table	  6.	  Density	  values	  for	  the	  polymer	  samples.	  	  
5.	  CONCLUSIONS	  	  In	  this	  work,	  an	  experimental	  investigation	  was	  conduced	  to	  test	  the	  hypothesis	  that	  thermosets	  can	  be	  toughened	  by	  modifying	  network	  connectivity	  to	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  provide	  the	  capacity	  to	  generate	  nano-­‐cavities	  during	  fracture.	  	  	  This	  was	  done	  in	  an	  amine	  cured	  epoxy	  network	  by	  the	  use	  of	  the	  reactive	  encapsulation	  of	  solvent	  technique[9].	  	  We	  have	  investigated	  the	  fracture	  thoughness	  of	  polymer	  networks	  that	  were	  prepared	  using	  	  0,	  5,	  10,	  and	  15%	  solvent.	  The	  solvent	  was	  then	  extracted	  in	  a	  slow	  post-­‐cure	  process,	  leaving	  homogeneously	  distributed	  collapsed	  voids.	  It	  was	  found	  that	  the	  fracture	  toughness	  can	  be	  improved	  about	  200%	  for	  a	  10%	  solvent	  inclusion	  and	  about	  500%	  for	  a	  15%	  solvent	  inclusion.	  Differential	  scanning	  calorimetry	  and	  Dynamic	  Mechanical	  Analysis	  showed	  that	  the	  glass	  transition	  temperature	  for	  the	  network	  prepared	  without	  solvent	  is	  equivalent	  to	  that	  of	  the	  solvent	  extracted	  networks.	  Similarly,	  DMA	  and	  compressive	  testing	  showed	  that	  the	  modulus	  does	  not	  change.	  Scanning	  electron	  microscopy	  was	  preformed	  on	  all	  of	  the	  polymer	  networks.	  The	  networks	  with	  solvent	  clearly	  show	  voids	  on	  the	  fracture	  surface.	  In	  the	  SEM	  images	  of	  the	  0%	  solvent	  removed	  network	  it	  is	  clear	  that	  no	  voids	  are	  detected	  even	  at	  a	  high	  resolution,	  whereas	  in	  the	  case	  of	  the	  5%,	  10%,	  and	  15%	  solvent	  removed	  networks	  the	  existence	  of	  voids	  is	  clearly	  visible.	  Freeze-­‐fractured	  surfaces	  of	  each	  polymer	  network	  were	  also	  evaluated	  using	  SEM.	  Voids	  were	  not	  detected	  in	  any	  of	  these	  samples.	  	  Overall,	  this	  work	  suggests	  that	  the	  fracture	  performance	  of	  thermosetting	  matrices	  can	  be	  improved	  by	  introducing	  collapsed	  micro-­‐voids.	  	  In	  addition	  this	  work	  supports	  the	  results	  of	  MD	  simulations	  by	  Mukherji	  and	  Abrams	  [1].	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APPENDIX	  1.	  	  SOLVENT	  EXTRACTION	  DATA	  	  
Solvent	   Extraction	   data	   for	   polymer	   samples	   with	   5%	   THF	   is	   shown	   here.	   The	   recorded	   mass	   is	  shown	   along	   with	   the	   mass	   loss	   percent	   and	   percentage	   of	   solvent	   removed	   from	   the	   polymer	  sample.	  The	  average	  solvent	  removed	  from	  the	  two	  polymer	  samples	  was	  99.9597%.	  	  
Solvent	   Extraction	   data	   for	   polymer	   samples	  with	   10%	  THF	   is	   shown	   here.	   The	   recorded	  mass	   is	  shown	   along	   with	   the	   mass	   loss	   percent	   and	   percentage	   of	   solvent	   removed	   from	   the	   polymer	  sample.	  The	  average	  solvent	  removed	  from	  the	  two	  polymer	  samples	  was	  99.9867%.	  	  
	  
Solvent	   Extraction	   data	   for	   polymer	   samples	  with	   15%	  THF	   is	   shown	   here.	   The	   recorded	  mass	   is	  shown	   along	   with	   the	   mass	   loss	   percent	   and	   percentage	   of	   solvent	   removed	   from	   the	   polymer	  sample.	  The	  average	  solvent	  removed	  from	  the	  two	  polymer	  samples	  was	  99.9961%.	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  Solvent	  Extraction	  data	  for	  polymer	  samples	  with	  0%	  THF*	  is	  shown	  here.	  This	  sample	  actually	  has	  0.91915THF	   added	   to	   it.	   The	   recorded	   mass	   is	   shown	   along	   with	   the	   mass	   loss	   percent	   and	  percentage	  of	  solvent	  removed	  from	  the	  polymer	  sample.	  No	  measurable	  solvent	  was	  removed.	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APPENDIX	  2.	  	  DMA	  LOG	  PLOT	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   APPENDIX	  3.	  	  ALL	  COMPRESSION	  DATA	  STRESS	  VS.	  STRAIN	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APPENDIX	  4.	  	  SEM	  IMAGES	  	  	  
0%	  Freeze-­‐Fracture	  SEM	  Images	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  5%	  Freeze-­‐Fracture	  SEM	  Images	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  10%	  Freeze-­‐Fracture	  SEM	  Images	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  Fracture	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  Images	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   5%	  Fracture	  SEM	  Images	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